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ABSTRACT.
I t  is  now a w ell e s ta b lis h e d  fa c t  th a t  f a t ig u e  c ra ck s  in i t i a te  
from  p e r s is te n t  s l ip  b an d s (PSBs). P rev io u s  w ork  on c o p p e r fa tig u e d  in  
re v e rse  bending  h a s  re v e a le d  t h a t  th e  PSBs form  m uch e a r l ie r  n e a r  
in d e n ta tio n s  o r  su rfa c e  p i t s  th a n  in  reg io n s  w ell aw ay from  them . The 
cau se  o f th is  e f fe c t  h a s  b een  a t t r ib u te d  p a r t ly  to  a d is lo c a tio n  
m ic ro s tru c tu re  in tro d u c e d  by th e  in d e n ta tio n s  a s  w ell as p o s s ib le  
c o n tr ib u tio n  from  th e  re s id u a l  s t r e s s e s  r e s u l t in g  from  them  and 
geom etric  s t r e s s  ra is in g  e f fe c ts .  To s tu d y  th is  phenom enon in  a  g re a te r  
d e p th , an a tte m p t h a s  been  made to  make a co m p reh en siv e  s tu d y  o f  th e  
p la s t ic  d e fo rm atio n  a ro u n d  in d e n ta t io n s  and to  s tu d y  th e i r  e f fe c t  on th e  
low am pltude fa tig u e  cycling  o f  mono and p o ly c ry s ta l l in e  co pper. T his 
e f fe c t  h as  been  s tu d ie d  u s in g  b o th  su rfa c e  as  w ell a s  T ran sm issio n  
E lec tro n  M icroscope (TEM) o b se rv a tio n s . The p ro je c t  w as d iv id e d  in to  
fo u r  main c a te g o rie s ; a s tu d y  o f th e  d e fo rm atio n  a ro u n d  in d e n ta tio n s ;  a 
s tu d y  o f th e  fa tig u e  cycling  m echanism ; a s tu d y  o f  th e  low  s t r a in  
am p litu d e  fa tig u e  cycling  o f  th e  in d e n te d  specim ens an d  a  s tu d y  o f  th e  
e f fe c t  o f in d e n ta tio n  on th e  fa tig u e d  spec im ens. The su r fa c e  
to p o g ra p h ic a l s tu d ie s  w ere m ade on sp ec ia lly  d e s ig n ed  p o ly c ry s ta l l in e  
and  s in g le  c ry s ta l  specim ens o f  copper. The tra n s m is s io n  e le c tro n  
m icroscope s tu d y  h a s  been  done m ain ly  on th in  s t r ip s  s l ic e d  and  p re p a re d  
from  tw o b u lk  s in g le  c ry s ta ls  w ith  a x ia l o r ie n ta t io n  c lo se  to  [124] and  
[012].
The d is lo c a tio n  s t r u c tu r e s  due  to  in d e n ta tio n s  w ere  s tu d ie d  in  re g io n s  
a t  d if f e r e n t  p o s it io n s  in  r e la t io n  to  th e  in d e n ta t io n s  and  in c lu d e d  a 
s tu d y  o f th e  m ic ro s tru c tu re s  c lo se  to  th e  s u rfa c e  a s  w ell a s  s  50/im from
( iv j
i t .
Specim ens w ere fa tig u e d  in  a ir , a t  room te m p e ra tu re , a t  to ta l  s t r a in
—4 —4am p litu d es  in  th e  ran g e  s  2x10 to  9.8x10 fo r  b u lk  specim ens and s
~3 -30.8x10 to  1.9x10 fo r  th in  fo il  specim ens. The num ber of fa tig u e  
cy cles  g iven  to  th e  specim ens v a rie d  (from specim en to  specim en) from  a 
few cycles to  s e v e ra l  h u n d re d  th o u san d  cycles.
The Dyer model (1965) h a s  been  s a t is fa c to r i ly  e x ten d e d  from b a ll to  
pyram id  in d e n ta tio n s  to  ex p la in  th e  h il l  fo rm atio n  and th e  g en era l 
su r fa c e  to p o g rap h y  a ro u n d  in d e n ta tio n s . D islocation , m ic ro s tru c tu re s  
a ro u n d  in d e n ta tio n s  in  th e  'in d en ted ' and 'in d e n te d  and fa tig u e d ' 
specim ens o f th e  same o r ie n ta t io n  have  been an a ly sed  and  compared. Such 
an a n a ly s is  h as  re v e a le d  th a t  in  th e  reg io n s o f in d e n ta tio n s  in  w hich 
PSBs a re  in i t ia te d  m ore re a d ily , th e  d is lo c a tio n  m ic ro s tru c tu re  due to  
in d e n ta tio n  c o n ta in ed  p red o m in an tly  th e  B urgers v e c to rs  ±a/2 [Ï10] o r 
±a/2 [O il] and  ±a/2 [110] o r  ±a/2 [O il]. In c o n tra s t  to  th e se , th e  m ost 
f re q u e n tly  found  B urgers  v e c to rs  in  th e  same re g io n s  o f th e  in d e n ta tio n  
fo llow ed  by fa tig u e  w ere ±a/2 [Ï01] and ±a/2 [O il], w hich rev ea ls  th a t  
th e  B urgers  v e c to rs  o f th e  d is lo c a tio n s  in tro d u ced  by th e  in d e n ta tio n  in  
th e s e  reg io n s  a re  q u ite  fa v o u ra b le  fo r  th e  l a t e r  s ta g e  of fa tig u e  
cycling , w ith  an enh an ced  d e n s ity  o f d is lo c a tio n s . A l i t t l e  work was 
a lso  done to  s tu d y  th e  e f fe c t  o f th e  in d e n ta tio n s  made in  th e  fa tig u e d  
specim ens. I t  h a s  show ed an enhancem ent o f th e  inhom ogeneous and 
a n iso tro p ic  d e fo rm a tio n  a ro u n d  th e  in d e n ta tio n s  cau sed  by fa tig u e  
cycling  as w ell as a  s ig n if ic a n tly  d if fe re n t ty p e  o f s l ip  bands.
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CHAPTER 1.
INTRODUCTION.
F a tig u e  c rack s  in  en g in eerin g  com ponents can be p o te n tia lly  dangerous, 
p a r t ic u la r ly  in  a i r c r a f t  w here human liv e s  a re  in v o lv ed . I t  is  now w ell 
know n th a t  m icrocracks in i t ia te  in  face  c en te red  cu b ic  m etals from  th e  
in tru s io n  lik e  s i te s  o f p e r s is te n t  s lip  bands (PSBs). In a d d itio n  PSBs 
form  m ore re a d ily  n e a r  su rfa ce  p i ts  o r in d e n ta tio n s . The fa tig u e  l if e  o f 
a specim en th e re fo re  depends v e ry  s tro n g ly  on th e  s ta te  o f i t s  su rfa c e  
la y e rs . For th is  re a so n  i t  is  b e liev ed  th a t  th e  su rfa c e  damage o f 
en g in ee rin g  m a te ria ls  can p lay  an im p o rtan t ro le  in  c o n tro llin g  th e i r  
fa tig u e  liv e s . The fa c t  th a t  PSBs form re a d ily  and  much e a r l ie r  n e a r 
in d e n ta tio n s  th a n  in  th e  r e s t  o f th e  specim en em phasises th e  im portance  
o f th e  s tu d y  o f th e  p la s t ic  defo rm ation  a round  in d e n ta tio n s  and o f i t s  
e f fe c t  on su b se q u e n t fa tig u e  cycling. This p ro je c t h as , th e re fo re , been  
u n d e rta k e n  and th e  r e s u l ts  a re  d esc rib ed  in  th e  p re s e n t  th e s is .
T his p ro je c t h as  o b v io u sly  a com posite n a tu re  s in ce  b a s ic a lly  i t  d ea ls  
w ith  tw o ty p es  o f d e fo rm ation  nam ely th a t  in tro d u c e d  by in d e n ta tio n  and 
th a t  in tro d u ce d  by fa tig u e  cycling. The com bined e f fe c t  o f th e  two ty p es  
o f d e fo rm atio n  can  be b e t te r  u n d e rs to o d  i f  th e y  a re  s tu d ie d  
in d iv id u a lly . The b a s ic  p ro je c t h as  th e re fo re  been  d iv id ed  in to  th re e  
d if f e r e n t  b u t in te r l in k e d  problem s: a  s tu d y  o f d e fo rm atio n  cau sed  by 
in d e n ta tio n s ; a  s tu d y  o f th e  cyclic  defo rm ation  o f  m a te ria l w hich has  
n o t been  in d en ted  and a s tu d y  o f th e  fa tig u e  cycling  b eh av io u r o f th e  
in d e n te d  specim ens.
T hese d if fe re n t  a sp e c ts  have  th e re fo re  been t r e a te d  in d iv id u a lly  and  a re  
re p o r te d  in  C h ap te rs  4, 5 and 6, re sp ec tiv e ly . In a d d itio n  since  i t  is  
know n th a t  th e  fa tig u e d  specim en d iv ides i t s e l f  in to  h a rd  and  s o f t
reg io n s . W inter (1974), i t  was in te re s t in g  to  f in d  o u t w hat h ap p en s  i f  
in d e n ta tio n s  a re  made in  fa tig u e d  specim ens, p a r t ic u la r ly  in  re g io n s  
c lo se  to  PSBs form ed on th e  specim en su rface . Some w ork th e re fo re  h a s  
a lso  been  done to  exp lo re  th is  e f fe c t  and is  re p o r te d  in  C h ap ter 7. 
W hereas i t  was h e lp fu l (and e s s e n t ia l  to  some e x ten t)  to  u se  s in g le  
c ry s ta l  specim ens fo r  com parison o f th e  r e s u l ts ,  some p o ly c ry s ta llin e  
specim ens w ere a lso  used . T h is enab led  th e  e ffe c t o f th e  e x tr a  
c o n s tra in ts  o f th e  g ra in  b o u n d a rie s  on th e  fa tig u e  cycling b e h av io u r to  
be s tu d ie d  and th is  e ffe c t to  be com pared w ith  th e  b e h av io u r a ro u n d  
in d e n ta tio n s  in  s in g le  c ry s ta l specim ens.
Much w ork h a s  been  done in  th e  p a s t  on th e  cyclic  defo rm ation  o f s in g le  
as  w ell as p o ly c ry s ta llin e , f.c .c . and  b.c.c. m ata is  and  a lloys, m ainly  
to  g e t to  th e  ro o t cause o f th e  m ic rocracks w hich lead  to  th e i r  fa t ig u e  
fa ilu re . A b r ie f  rev iew  of th is  w ork is  g iven  in  C h ap te r 3. Most o f th e  
w ork  re p o r te d  in  th e  l i te r a tu r e  on th e  fa tig u e  cycling b e h av io u r o f 
f.c .c . m a te ria ls  h as been done on p o ly c ry s ta ls  as w ell as on s in g le  
c ry s ta ls  o f copper (m ostly o f easy  g lid e  o r ie n ta tio n s )  u sing  a p u s h -p u ll  
fa tig u e  te s t in g  tech n iq u e  a t  room te m p e ra tu re . In  th e  p re se n t w ork  
how ever a  s l ig h tly  d if fe re n t fa tig u e  te s t in g  te ch n iq u e  h as been  u sed . 
C opper specim ens have been se le c te d  fo r  exp erim en ta l w ork b ecau se , as 
m entioned  above, much in fo rm atio n  reg a rd in g  th e  fa tig u e  cycling o f  th i s  
m a te ria l is  a lread y  availab le .
Some v a lu ab le  in fo rm ation  is  a lso  a v a ila b le  in  th e  l i te r a tu r e  re g a rd in g  
in d e n ta tio n  induced  defo rm ation  and  i t s  e f fe c t on fa tig u e  cycling . 
W hereas w ork reg ard in g  th is  a sp e c t on alum inium , w hich b eh av es  
(som ewhat) d iffe re n tly , has been  done b o th  from  su rfa ce  as w ell a s  TEM 
in v e s tig a tio n s , th e  work re p o r te d  in  l i te r a tu r e ,  on copper s in g le
c ry s ta ls  is  lim ited  to  su r fa c e  s tu d ie s . The tra n sm iss io n  e le c tro n  
m icroscope (TEM) s tu d ie s  o f th e  d is lo c a tio n  m ic ro s tru c tu re  have n o t been  
a ttem p ted .
F or th e  p re s e n t p ro je c t, th e  s tu d y  o f th e  su rfa c e  to p o g rap h y  o f b o th  th e  
in d e n ta tio n s  and th e  PSBs to g e th e r  w ith  th e  c o rre sp o n d in g  in te r io r  
d is lo c a tio n  s t ru c tu re s  needed  to  c o rre la te  in  o rd e r  to  g e t a  b e t te r  
u n d e rs tan d in g . However specim ens from  only two o f th e  o r ie n ta t io n s  u sed  
in  b u lk  w ere used  fo r  TEM s tu d ie s .
The b u lk  specim ens w ere so  sh ap ed  th a t  a re a so n a b ly  la rg e  f l a t  s u rfa c e  
w as a v a ilab le  over w hich th e  s t r a in  was ap p ro x im a te ly  uniform . T his 
f a c i l i ta te d  th e  u se  o f th e  sam e specim en fo r  th e  s tu d y  o f s u rfa c e  
to p o g rap h y  n e a r in d e n ta tio n s  as  w ell a s  fa tig u e . A p a r t  o f th e  specim en 
s u rfa c e  & 2mm away from  th e  in d e n ta tio n s , was u sed  to  g e t in fo rm atio n  
a b o u t b a s ic  fa tig u e  b eh av io u r , w hile  reg io n s  c lo se  to  th e  in d e n ta tio n s  
gave in fo rm atio n  ab o u t s lip , b o th  b e fo re  and a f te r  fa t ig u e  cycling. The 
reg io n s  u sed  fo r  s tu d y in g  cyclic  d e fo rm ation  w ere l a t e r  u sed , to  make 
in d e n ta tio n s  on o r c lose  to  PSBs in  o rd e r  to  s tu d y  th e i r  e f fe c t  on 
fa tig u e d  specim ens.
In th e  TEM s tu d ie s , w here i t  w as n o t p o ss ib le  to  u se  th e  same specim ens 
fo r  in d e n ta tio n s  and fa tig u e , (in s tead ) specim ens o f th e  same 
o r ie n ta tio n s  w ere used . F or th i s  re a so n  th e  TEM specim ens, w ere 
c la s s if ie d  in to  fo u r  c a te g o rie s : in d e n te d  only; fa tig u e d  only; in d e n te d  
fo llow ed  by fa tig u e  and fa tig u e  fo llow ed  by in d e n ta tio n . These specim ens 
h av e  been d esig n a ted , fo r  conven ience  o f re fe re n ce , by th e  sym bols. I, 
F, IF and FI, re sp ec tiv e ly .
In th e  re p o r tin g  o f th e  ex p e rim en ta l r e s u l ts ,  each c h a p te r  h a s  b een  
d iv id ed  in to  two p a r ts . The f i r s t  p a r t  d eals  w ith  s u r fa c e  o b se rv a tio n s
o f th e  specim ens and th e  second  p a r t  d ea ls  w ith  th e  TEM re s u lts .  Each of 
th e  c h a p te rs  is  concluded  w ith  a sec tio n  in  w hich th e  r e s u l ts  a re  
d iscu ssed . The specim ens w ere fa tig u e d  a t  f ix ed  to ta l  s t r a in  am p litu d es  
in  a i r  a t  room te m p era tu re . D e ta ils  o f th e  specim en p re p a ra t io n , fa tig u e  
te s t in g  te ch n iq u e  and o b se rv a tio n a l te ch n iq u es  a re  g iven  in  C h ap te r 3. 
From th e  com parison o f th e  r e s u l t s  o b ta in ed  on th e  ’in d e n te d ' and 
'in d e n te d  and  fa tig u e d ' specim ens, i t  was no ted  th a t  PSBs ten d ed  to  form  
a t  re g io n s  of in d e n ta tio n  w here  th e  s lip  tra c e s  due to  in d e n ta tio n s  
changed  from  th e  p rim ary  p lan e  fo r  fa tig u e  to  a  nonprim ary  p lane . 
S p ec ia l a t te n tio n  was g iven  to  th i s  a sp e c t o f th e  p ro je c t.
A sum m ary o f th e  r e s u l ts  is  g iven  in  C h ap te r  8, to g e th e r  w ith  a 
con clu d in g  d iscu ss io n .
CHAPTER 2.
REVIEW OF FATIGUE CYCLING AND INDENTATION OF METALS.
2:1. FATIGUE CYCLING MECHANISM.
The fo rm ation  o f c ra ck s  in  en g in ee rin g  com ponents u n d e r  th e  co n d itio n s  
o f a lte rn a tin g  s t r e s s e s  and  s t r a in s  can have a  d e v a s ta tin g  e f fe c t  on 
th e i r  liv es . The cau se  o f t h e i r  in i t ia t io n  and  p ro p a g a tio n  h a s  been 
th e re fo re  an im p o rtan t s u b je c t o f s tu d y  fo r  s c ie n t is ts  fo r  decades. 
F a tig u e  cycling u n d e r c o n s ta n t  s t r e s s / s t r a in  c o n d itio n s  h as  p lay ed  an 
im p o rtan t ro le  in  o u r  u n d e rs ta n d in g  of th e  b a s ic  fa tig u e  fa i lu re  
m echanism. As a r e s u l t  o f su ch  cycling , specim ens p a ss  th ro u g h  s e v e ra l 
w ell recogn ised  s ta g e s  le ad in g  to  th e  f in a l s ta g e  o f fa tig u e  fa i lu re .
A co n sid e rab le  am ount o f  w ork  h a s  a lread y  been  done on th e  fa tig u e  o f 
f.c .c . m a te ria ls  p a r t ic u la r ly  c o p p e r and th e  fu n d am en ta l a sp e c ts  of 
cyclic  deform ation  h ave  f re q u e n tly  been  rev iew ed  (M ughrabi 1978, 1985, 
C harsley  1981, L a ird  e t  a l 1986).
W hereas most o f th e  w ork re p o r te d  h as  been  done u s in g  a p u s h -p u ll  
fa tig u e  cycling te ch n iq u e , some o f  th e  work h as  been  done u s in g  re v e rse  
bend ing  fa tig u e  cycling (W hite 1984, C harsley  e t  a l 1981, 1986). The 
l a t t e r  tech n iq u e  h as been  u sed  fo r  th e  p re se n t w ork.
The most im p o rtan t e f fe c t  o f  fa tig u e  cycling is  th e  fo rm atio n  of 
p e r s is te n t  s lip  bands (PSBs) on su rfa c e s  and a lso  in  th e  in te r io r s  of 
specim ens as th ey , l a t e r  in  t h e i r  fa tig u e  liv e s , p ro v id e  th e  m ost 
fa v o u ra b le  s i te s  fo r  th e  in i t ia t io n  and p ro p a g a tio n  o f m icrocracks. In 
f.c .c . m a te ria ls  l ik e  co p p er, s l ip  o ccu rs  on c lo se ly  packed  {111} s lip  
p la n es  w ith  <110> ty p e  s l ip  d ire c tio n s  form ing tw elve  {lll}<110> s lip  
system s. In th is  w ork th e  (111)[101] w ill be ta k e n  to  be th e  p rim ary  
system  BIV w hich is  a lso  re p o r te d  to  be th e  p rim ary  s lip  system  using
th e  s ta n d a rd  n o ta tio n .
C ro ss -s lip  o f d is lo c a tio n s  is  th o u g h t to  be th e  im p o r ta n t c h a ra c te r is t ic  
o f th e  wavy s l ip  m a te r ia ls , e.g. copper, a lum inium  e tc ., s ince  i t  
p ro v id e s  a  m eans o f av o id ing  lin e  b a r r ie r s  c re a te d  by d is lo ca tio n s  
d u rin g  fa tig u e .
I t  i s  b e liev ed  th a t  m ost o f th e  g lide  of d is lo c a tio n s  d u rin g  fa tig u e  
cycling  is  re v e rs ib le , a  f r a c t io n  (s 0.1-0.2) o f cy c lic  ir r e v e r s ib i l i ty  
r e s u l t s  in  th e  ro u g h n e ss  p ro f ile  on th e  su rfa c e  o f th e  specim ens in  th e  
form  of a  n o tc h -p e a k  to p o g rap h y , i.e . e x tru s io n s  o r  in tru s io n s  o f PSBs.
2:2. CYCLIC STRESS STRAIN CURVE FOR COPPER.
Cyclic de fo rm atio n  ex p erim en ts  on annea led  fa c e  c e n te re d  cub ic  m a te ria ls  
u n d e r c o n s ta n t low p la s t ic  s t r a in  am p litude  re v e a l th a t  th e
specim ens u n dergo  th re e  g e n e ra l ty p es  o f d e fo rm a tio n  namely cyclic 
h a rd en in g  o r  so fte n in g , cyclic  s a tu ra t io n  and  u ltim a te ly  fa tig u e  
fa ilu re . D uring th e  in i t i a l  p h ase  o f fa tig u e  cyclin g  in  annealed  
m a te r ia ls  a t  c o n s ta n t p la s t ic  s t r a in  am plitude , ra p id  cyclic  harden ing  
o ccu rs  g iv ing  r is e  to  an  in c re a se  in  th e  s t r e s s  The specim en
s u rfa c e  d u rin g  th is  s ta g e  is  m ore o r le ss  co v ered  by  f in e  s lip  lin e s  
p a ra l le l  to  th e  tr a c e s  o f h ig h ly  s tre s s e d  s l ip  system s. As th e  cyclic 
s a tu r a t io n  is  re ach ed , p e r s is te n t  s lip  bands (PSBs) s t a r t  appearing  on 
th e  su rfa c e s  o f specim ens among s lip  lin es . T h is s a tu r a t io n  regim e, a lso  
c a lled  th e  p la te a u  reg im e o f th e  css curve , o ccu p ie s  a  m ajor p a r t  o f th e  
fa tig u e  l i f e  and ends up  fre q u e n tly  w ith  fa t ig u e  c ra c k s  and fa tig u e  
fa ilu re . The o v e ra ll  s te a d y  s ta t e  cyclic  s t r e s s  s t r a in  re sp o n se  can be 
b e t te r  d em o n stra ted  in  th e  form  of a g rap h  o f th e  s a tu r a t io n  s t r e s s  
v e rsu s  th e  re so lv ed  p la s t ic  s h e a r  s t r a in  am p litu d e  The re su ltin g
p lo t  is  ca lled  th e  cyclic  s t r e s s - s t r a in  o r c ss  cu rv e . One such  cu rv e  
fo r  co p p er rep ro d u ced  from  M ughrab i's  w ork (1978) is  shown in  fig . 2.1. 
T his cu rve  can be d iv id ed  ro u g h ly  in to  th re e  d if fe re n t  and w ell 
reco g n ised  ran g es  o f s t r a in  am p litu d es  fo r  f.c .c . s in g le  c ry s ta ls : A, B 
and  C. Each o f them  w ill be  d e sc rib e d  b r ie f ly . The co rre sp o d in g  
d is lo c a tio n  s t ru c tu re s  o b ta in e d  from  TEM s tu d ie s  w ill be rev iew ed  in  
s e c tio n  2:3.
2:2:1. REGIME 'A' (y^^ :s lO"'^).
T his is  th e  regim e o f s t r a in  h a rd e n in g  show ing a ra p id  in c re a se  in  
s t r e s s  w ith  th e  p la s t ic  s t r a in  am plitude . A p p aren tly , no PSBs form  
d u rin g  th is  s tag e  o f fa tig u e  and  i t  is  b e liev ed  t h a t  th e  cyclic s t r a in  
h a rd en in g  is  due to  th e  e v o lu tio n  o f v e in  o r  loop  p a tch  d is lo c a tio n  
s t ru c tu re  in  th e  c ry s ta ls  (M ughrabi 1978, L a ird  e t  a l  1986). P robab ly  
fo r  th is  reaso n , fa tig u e  c rack in g  o f en g in ee rin g  com ponents can  be 
av o id ed  u n d e r th is  ran g e  o f p la s t ic  s t r a in  am p litu d es.
2:2:2. REGIME 'B', THE 'PLATEAU REGIME', lO"'^ £ y^^ s  lO"^.
T his regim e is  c h a ra c te r is e d  by th e  fo rm atio n  o f PSBs which can  be 
d e sc rib ed  as th in  (a few fjim th ic k )  lam ellae  (s lab s) o f m ate ria l o f h ig h  
s lip  a c tiv ity  accom m odating n e a r ly  th e  w hole p la s t ic  s t r a in  am plitude  in  
them  a t th e  s a tu r a t io n  s t r e s s  le v e l w hich fo r  s in g le  s lip  o r ie n te d  
co p p er is  n ea rly  28 MPa d u rin g  fa tig u e  cycling. I t  h a s  a lso  been found  
th a t  th e  volum e f ra c t io n  o f PSBs in c re a se s  w ith  th e  in c rease  in  th e  
p la s t ic  s t r a in  am p litude  u n t i l  a t  th e  end o f th e  p la te a u  regim e, th e  
w hole su rfa ce  o f th e  specim en is  covered  by PSBs (W inter 1974, M ughrabi 
1978). I t  h as  been  re p o r te d  by Ackerm ann e t  a l (1984) and L aird  e t  a l
(1986) th a t  th e  p la te a u  cou ld  be d iv id ed  f u r th e r  in to  tw o regim es: I and
II, a sso c ia te d  w ith  d if f e r e n t  d is lo c a tio n  s t r u c tu r e s  in  th e se  reg io n s .
-3One reg io n  ran g ed  from  th e  low er end o f th e  p la te a u  to  ab o u t 2 x 10 
and  th e  o th e r  from  th is  s t r a in  to  th e  u p p e r end  o f th e  p la te a u . This 
a sp e c t w ill be d isc u sse d  f u r th e r  in  sec tio n  2:3.
2:2:3. REGIME ’C , & lO"^ .
T his p a r t  o f th e  cu rv e  is  c h a ra c te r is e d  by th e  a c t iv a t io n  o f m ore th a n  
one s lip  system  and  an in c re a se  in  th e  cyclic  s a tu r a t io n  s t r e s s  w ith  
th e  s t r a in  am p litu d e  (o r y^^. th e  re so lv e d  p la s t ic  s t r a in
am plitude). With th e  in c re a se d  s l ip  a c t iv i ty  th is  regim e ends up  m ostly  
w ith  th e  in i t ia t io n  and  p ro p a g a tio n  o f fa tig u e  c rack s . At th is  la s t  
s ta g e  o f fa tig u e , th e  flow  s t r e s s  d ro p s  ra p id ly  g iv ing  way to  fa tig u e  
f a i lu re  (M ughrabi 1985).
For p o ly c ry s ta llin e  co p p er th e  css  cu rve  in  th e  low am plitude  regim e A 
is  found  to  co incide  w ith  t h a t  o f s in g le  c ry s ta ls  o f easy  g lide  
o r ie n ta tio n  b u t a t  h ig h e r  s t r a in  am plitudes, in i t ia l ly  i t  co rre sp o n d s  to  
th e  regim e B o f th e  css cu rv e  fo r  s in g le  c ry s ta ls . However w ith  an 
in c re a se  in  th e  s t r a in  am p litude , th is  cu rv e  d e v ia te s  s ig n if ic a n tly  from  
th e  fo rm er so t h a t  th e  p la te a u  regim e h as h a rd ly  been  observ ed  in  th e  
p o ly c ry s ta llin e  m a te ria ls  (M ughrabi e t  a l 1981).
2:3. DISLOCATION STRUCTURES IN FATIGUED COPPER CRYSTALS.
The d if f e r e n t  regim es o f th e  c ss  cu rv e , p a r t ic u la r ly  fo r  fa tig u e d  s in g le  
c ry s ta ls  o f copper, m entioned  in  s e c tio n  2:2, can be b e t te r  reco g n ised  
by  th e  ap p ea ran ce  o f th e  u n d e rly in g  d is lo c a tio n  s t ru c tu re s  rev ea led  by 
th e  tra n sm iss io n  e le c tro n  m icroscope (TEM) s tu d ie s  d iscu ssed  b r ie f ly  as 
fo llow s.
2:3:1. REGIME 'A' OF THE CSS CURVE.
T his  p a r t  o f th e  cu rv e  r e p re s e n ts  a h a rd en in g  s tag e  o f th e  cyclic  
d e fo rm a tio n  fo r  an  an n ea led  m a te r ia l  o r a so fte n in g  s tag e  fo r  co ld  
w orked  specim ens fa tig u e d  a t  low  p la s t ic  s t r a in  am plitudes. The 
d is lo c a tio n  s t ru c tu re s  form ed in  th e  in te r io r  o f th e  specim ens in  th is  
s ta g e  a re  known to  develop  m ain ly  by  th e  m u ltip lic a tio n  and a n n ih ila tio n  
o f th e  p rim ary  edge d is lo c a tio n s  w hich  w ith  a  s te a d y  in c re ase  in  th e  
d is lo c a tio n  d e n sity , ra p id ly  in c re a s e s  th e  s t r e s s  in  th e  c ry s ta l. The 
b u n d le s  o f d is lo c a tio n  d ip o le s  do m in a ted  by th e  p rim ary  d is lo c a tio n s  
th u s  form ed a re  term ed  u su a lly  'u n i t  loop  p a tc h e s '. With th e  in c re ase  in  
s t r e s s e s ,  th e  volum e f ra c t io n  o f loop  p a tch e s  in c re a se s  a p p a ren tly  by 
th e  d ip o le s  c lu s te r in g  in  th e  sp ace  betw een  them . They ap p ea r ro u g h ly  
c y lin d ric a l in  sh ap e  and a re  s e p a ra te d  by ch an n e ls  m ostly fre e  o f 
d is lo c a tio n s  o r  in  some case s  c o n ta in  a  low d e n sity  o f screw  
d is lo c a tio n s . When th e  s t r e s s  a p p ro a ch e s  c lose  to  28 MPa, th e  volum e 
f r a c t io n  o f th e  loop  p a tch e s  re a c h e s  a b o u t 50% and th e  ch an n e ls  become 
m ore s in u o u s  w hile rem ain ing  a lm o st in te r lin k e d . The p la te a u  s t r e s s  o f 
28 MPa a p p ea rs  to  be th e  flow  s t r e s s  o f p e r s is te n t  s l ip  bands w hich 
dev elo p  from  th e  loop  p a tch e s  fo rm ing  in  th e  c ry s ta l  d u rin g  th e  s t r a in  
h a rd e n in g  s ta g e  and w hich becom e u n s ta b le  u n d e r th is  s t r e s s  when th e
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c ry s ta l  is  cycled in  s t r a in  c o n tro l. H unchi e t  a l (1986) have  a lso  found  
th a t  loop  p a tch e s  can  be m ade to  su s ta in  a s t r e s s  o f 32 MPa by 
su b je c tin g  a s in g le  c ry s ta l  to  s t r e s s  cycling in  w hich th e  s t r e s s  
am p litu d e  h as been  fo u n d  to  in c re a s e  g rad u a lly  from  zero  to  th is  v a lu e
3in  a b o u t 3 x 10 cycles . In  t h e i r  w ork, i t  h a s  been  shown th a t  loop  
p a tc h e s  form ed a p p ea red  to  be l i t t l e  d if f e re n t from  th o se  form ed in  
s t ra in -c o n tro l le d  t e s t s  e x c e p t t h a t  th e y  had  a h ig h e r  c o n te n t o f 
seco n d ary  d is lo c a tio n s  th a n  e x p e c te d  norm ally. These a u th e r s  how ever 
cycled  th e  specim ens a t  h ig h e r  freq u e n c ie s  th a n  u sed  by th e  o th e r  
w o rk e rs , fo r  cycling  a t  c o n s ta n t  s t r a in  am plitude b u t th e  h ig h e r  s t r e s s  
h a s  been  found  n o t to  be e n t i r e ly  freq u en cy  re la te d  (L aird  e t  a l  1986).
2:3:2. REGIME 'B' OF THE CSS CURVE.
As m entioned  e a r l ie r ,  th i s  is  th e  p la te a u  reg ion  o f th e  css  cu rv e  in  
w hich PSBs form. At a  c r i t ic a l  s t r e s s  lev el, c a lled  th e  s a tu r a t io n  
s t r e s s ,  loop  p a tch es  o r  v e in  ty p e  d is lo c a tio n  s t ru c tu re  becom es lo ca lly  
u n s ta b le  and g ra d u a lly  g iv e s  way to  th in  (= l.O/im th ic k ) d ip o la r  w alls  
o f PSBs w hich a re  ro u g h ly  p e rp e n d ic u la r  to  th e  a c tiv e  s lip  v e c to rs  
(M ughrabi 1978, 1985, W inter 1974). The s t r a in  becom es lo c a lise d  in  th e  
PSBs w hich a re  s o f te r  th a n  th e  su rro u n d in g  m atrix  (W inter 1974). The 
d is lo c a tio n  s t ru c tu re  o f PSBs h a s  been  w idely u n d e rs to o d  as  c o n s is tin g  
o f a  la d d e r  ty p e  s t r u c tu r e  o f d is lo c a tio n s  com posed o f dense, p a ra lle l ,  
w e ll-d e fin ed  and a lm ost e q u a lly  spaced  d ip o la r  w alls  s e p a ra te d  by 
c h an n e ls  hav ing  a r ic h  p o p u la tio n  o f screw  type  d is lo c a tio n s . The w alls 
o f th e  la d d e r  som etim es c a lle d  th e  'ru n g s ' c o n s is t o f p rim ary  edge 
d is lo c a tio n  d ip o le  lo o p s  w hich  come to g e th e r  to  form  some ty p e  o f 
m u ltip o les . [These a re  v iew ed by  some w orkers  as d ip o la r  w alls s in ce  th e
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b ack g ro u n d  c o n tra s t  o f th e  e le c tro n  m icrographs does n o t v a ry  from  side  
to  s id e  o f th e  w a lls , even  in  d i f f e r e n t  re f le c tio n s . However some long 
w av e len g th  m iso rie n ta tio n s  o v e r s-dO.Ojumi have  -been o b se rv ed  c lea rly  
from  low m ag n ifica tio n  m ic ro g rap h s and  on X-Ray to p o g ra p h s  (L aird  e t  a l 
1985)]. The lo c a lise d  s t r a in  o f PSBs as  su g g ested  by many w orkers , is  
c a r r ie d  by th e  screw  d is lo c a tio n s  s h u tt l in g  in  th e  ch an n e ls  betw een th e  
w a lls  o f th e  la d d e rs  [W inter (1974), M ughrabi (1978, 1985), L a ird  e t  a l 
(1985)].
In  f a c t  such  a s t r u c tu r e  g iv es  r is e  to  th e  tw o p h ase  model o f W inter
(1974), acco rd ing  to  w hich 'm a trix  s t ru c tu re ' is  commposed o f loop
p a tc h e s  co ex is tin g  w ith  th e  la d d e r  s t r u c tu r e  o f PSBs. The m atrix  is  th e
-5h a rd  p h ase  w hich u n d erg o es  a sm all p la s t ic  s t r a in  am p litude  “ 6x10 , 
w h ile  PSBs w hich c o n s t i tu te  th e  s o f t  p h ase  c a r ry  a s t r a in  co rresp o n d in g  
to  th e  u p p e r end o f th e  p la te a u  8 x 10  ^ (W inter 1974, M ughrabi 1978, 
L a ird  e ta l  1986). This model how ever is  b ased  on th e  dom inance of 
p rim ary  d is lo c a tio n s  and  is  r a th e r  overs im p lified . E x tensive  TEM 
in v e s t ig a tio n s  h av e  re v e a le d  a s ig n if ic a n t v a r ia t io n  o f secondary  
d is lo c a tio n  c o n te n t o f th e  o v e ra ll  d is lo c a tio n  s t r u c tu r e  w ith  s t r a in  
am p litu d e . [Neumann e t  a l (1986), L a ird  e t a l (1986)].
I t  h a s  a lso  been  fo und  th a t  th e  m agnitude o f th e  lo c a lise d  s t r a in  
v a r ie d  w idely am ongst th e  m ain s e c tio n  o f PSBs a s  m easured  d ire c tly  by 
in te r fe ro m e tr ic  te c h n iq u e s  (F inney  and L aird  1982). The accep ted  
m agn itude  o f 1 x 10 ^ th u s  r e p re s e n ts  an  av erage  v a lu e  o f th e  lo ca lised  
s t r a in .
In  s e c tio n  2:2, i t  h a s  been  p o in te d  o u t th a t  th e  p la te a u  regim e can  be 
d iv id e d  up in to  tw o re g io n s  b a se d  on th e  d iffe ren c e  in  th e  d is lo c a tio n  
s t r u c tu r e s  in  them . At low s t r a in s  (from  th e  low er end o f th e  p la te a u  to
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a b o u t 2 k  10 th e  d is lo c a tio n  m ic ro s tru c tu re  was found  to  be in  
acco rd  w ith  th e  tw o p h a se  m odel, s in g le  s lip  was claim ed to  be
predom inan t. F or ap p lied  s h e a r  s t r a in s  g re a te r  th a n  2x10 m ost o f th e  
m a trix  p h ase  and p a r t  o f  th e  PSB p h ase  w ere fo und  in  d if fe re n t 
c o n fig u ra tio n s  re m in isc ie n t to  th e  la b y r in th  s t r u c tu r e  o bserved  
f re q u e n tly  in  s in g le  as  w ell a s  in  p o ly c ry s ta ls . The t r a n s i t io n  from  th e  
lo w er range  o f th e  p la te a u  to  i t s  u p p e r ran g e  is  c h a ra c te r is e d  by an 
in c re a s in g  c o n tr ib u tio n  o f seco n d a ry  s lip  w ith  in c re a s in g  s t r a in  
am p litudes. T his h e lp s  in  th e  e v o lu tio n  o f a  m ic ro s tru c tu re  th a t  lead s  
to  an  o v e ra ll c e ll s t r u c tu r e .  The d ip o la r  w all o r  la d d e r  s t ru c tu re  
m entioned  above th u s  a p p lie s  m ostly  to  th e  e a r ly  s ta g e s  o f s a tu ra tio n . 
L a te  in  th e  s a tu ra t io n , th e  ru n g s  g ive way to  c e ll s t ru c tu re s  as
re p o r te d  by M ughrabi and  Wang (1981) and  L aird  e t  a l (1985). The ea r ly  
w ork  of L ukas and  K lesn il (1973) on specim ens s tu d ie d  a f te r  fa ilu re  
show ed th e  p re sen ce  o f c e lls . A s im ila r  e ffe c t h a s  been  d iscu ssed  by 
K uhlm ann-W ilsdorf and  L a ird  (1980).
2:3:3. REGIME 'C' OF THE CSS CURVE.
As th e  ap p lied  s t r a in  am p litu d e  is  in c re ase d  from  th e  u p p e r end o f th e  
p la te a u , th e  d is lo c a tio n  s t r u c tu r e  changes sm oothly  from  th a t  o f a 
sim ple  w all s t r u c tu r e  to  a  c e ll-w a ll s t ru c tu re  w ith  th e  in c reased  
m u ltip le  s lip  a c tiv ity . The w a lls  o f th e  ce lls  a p p ea r to  be s im ila r to
th o s e  of th e  PSBs b u t becom e m ore com plicated th ro u g h  th e  enhanced
a d d itio n  o f seco n d ary  d is lo c a tio n s  w hich a re  term ed a s  secondary  w alls 
f o r  th a t  reaso n . On a  co m p ara tiv e ly  la rg e  sca le  (& lO.Ofim) th e  
d is lo c a tio n  a rran g em en t in  c e l lu la r  s t ru c tu re s  become m ore hom ogeneous 
in  regim e C of th e  c ss  cu rv e  th a n  in  regim e B w hich is  ju s t i f ie d  by th e
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hom ogeneous mode o f d e fo rm atio n .
The d is lo c a tio n  a rran g em en ts  re v e a le d  in  th e  e a r l ie r  TEM w ork on f.c.c. 
p o ly c ry s ta ls  show ed th e  - e x is te n c e  - of- d ip o la r  ■ v e in s  a t  v e ry —low 
am p litu d es  resem bling  th o se  o f  s in g le  c ry s ta ls  and  a t  h ig h e r am plitudes 
eq u iax ed  o r  in  some cases  e lo n g a ted  ce lls  w ith  an  av erag e  w all spacing  
o f s  l.Ofim h av e  been  f re q u e n tly  ob serv ed  (B asinsk i e t  a l 1973, 1985, 
M ughrabi e t  a l 1981, L a ird  e t  a l 1986).
S ev e ra l o th e r  in te re s t in g  f e a tu re s  h ave  a lso  been  o b serv ed  in  fa tig u e d  
po ly  c ry s ta ls . W inter e t  a l (1981) have  re p o r te d  t h a t  PSBs a re  fre q u e n tly  
form ed a d jac e n t to  tw in  b o u n d a rie s . The PSBs e x ten d  u n p e rtu rb e d  up to  
th e  g ra in  b o u n d a rie s  and  th e re  is  a  d is lo c a tio n  f re e  zone betw een some 
o f th e  m a trices  and  th e  g ra in  b o u n d aries . At h ig h e r  am plitudes, & 
10 ^ seco n d ary  d ip o la r  w all o r c e ll ty p e  d is lo c a tio n  s t ru c tu re s  
resem bling  th o se  o f regim e C in  s in g le  c ry s ta ls  h av e  a lso  been observed . 
In  some cases a re g u la r  p a t te r n  o f d is lo c a tio n  w alls  p e rp e n d icu la r  to  
tw o <100> d ire c tio n s  have  been  observed . Such a  s t r u c tu r e  which form s 
by m u ltip le  s lip , is  u su a lly  term ed  th e  'maze' o r  ’la b y r in th ' s t ru c tu re  
(C h ars ley  1981, M ughrabi 1985, W inter e t  a l 1981).
2:4. INDENTATION OF METALS.
In d e n ta tio n s  a re  im p o rtan t fo r  two reaso n s , f i r s t l y  fo r  m icrohardness 
m easurem ents and second ly  in  th is  w ork, fo r  th e  in tro d u c tio n  o f su rfa ce  
dam age w hich h a s  an e f fe c t  on  th e  fa tig u e  cycling  mechanism. 
In d e n ta tio n  h a rd n e ss  te s t in g  is  p ro b ab ly  th e  s im p lest m ethod of 
e s tim a tin g  th e  s tre n g th  o f m a te ria ls , th o u g h  i t  i s  s t i l l  th e  le a s t  
u n d e rs to o d  t e s t  in  te rm s o f s t r e s s  and  s tra in . In  th e  la s t  few decades, 
a tte m p ts  have been  made to  u n d e rs tan d  th e  m echanism  o f p la s t ic
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d efo rm a tio n  in tro d u c e d  by in d e n ta tio n . Churchm ann, Geach and  W inton 
(1956) have  in v e s t ig a te d  m a te r ia ls  w ith  th e  diam ond s tru c tu re . Sm akula 
an d  K lein (1951) u sed  p rism a tic  pu n ch in g  to  s tu d y  d is lo c a tio n  g lid e  in  
io n ic  c ry s ta ls , and  Dyer (1967) u sed  a pyram id in d e n te r  to  s tu d y  th e  
m ic ro h a rd n ess  o f th e  tra c k s  o f  a  ro llin g  sap p h ire  b a ll on s in g le  
c ry s ta ls  o f copper, e tc . The h a rd n e ss  o f a m a te ria l is  u su a lly  e s tim ated  
th ro u g h  a  h a rd n e ss  num ber (HD) w hich  fo r  a pyram id in d e n te r  is  g iven  by 
HD = 2P s in  a  / d , w here  P = lo a d  in  k ilogram s, d = average  d iag o n al 
le n g th  o f th e  in d e n ta tio n  in  mm and  a = h a lf  o f th e  inc luded  ang le  o f 
th e  in d e n te r  = 68°.
P rev io u s  w ork on fa tig u e  o f co p p e r h a s  shown th a t  PSBs in i t ia te  m ore 
re a d ily  n e a r  th e  su rfa c e  dam age in  th e  form o f in d e n ta tio n s  and p its .  
T h is  a sp e c t h as  been  e x te n s iv e ly  s tu d ie d  by White (1984) and C harsley  e t  
a l (1987) on s in g le  c ry s ta ls  o f c o p p e r and by H a rris  (1988) on s in g le  
and  p o ly c ry s ta llin e  alum inium  u s in g  o p tica l and TEM o b se rv a tio n  
te c h n iq u e s . T he ir w ork  h a s  p ro v id e d  v a lu ab le  in fo rm atio n  a b o u t th e  
d e fo rm a tio n  and th e  p o ss ib le  d is lo c a tio n  m ic ro s tru c tu re s  a sso c ia te d  w ith  
th e  in d e n ta tio n s .
D yer (1965) u sin g  a sp h e r ic a l b a ll  in d e n ta tio n  on th e  cube face  o f 
co p p e r h a s  s tu d ie d  th e  d is lo c a tio n  d is tr ib u tio n  a ro u n d  th e  in d e n ta tio n  
by  an  e tch in g  te ch n iq u e . He h a s  p u t fo rw ard  a  d is lo c a tio n  model to  
d e sc r ib e  th e  main in d e n ta tio n  m echanism  w hich w ill be f u r th e r  rev iew ed  
in  S ec tio n  2.5. T his model h as  been  u sed  in  a  m odified  form fo r  th e  
o r ie n ta t io n s  o f th e  specim ens u se d  in  th e  p re se n t work.
W ith th e  advancem ent o f d is lo c a tio n  th e o ry  and th e  tech n iq u es  o f 
re v e a lin g  d is lo c a tio n s  in  c ry s ta ls ,  p a r t ic u la r ly  TEM, i t  has  become 
p o s s ib le  to  g e t a  b e t te r  u n d e rs ta n d in g  o f th e  defo rm ation  caused  by
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in d e n ta tio n s  in  m a te r ia ls  w ith  sim ple c ry s ta ll in e  s tru c tu re s .
2:5. THE MODELS FOR THE INDENTATION INDUCED DEFORMATION.
2:5:1. GENERAL REVIEW.
In d e n ta tio n  in v o lv es  a  c a v ity  fo rm ation  by th e  d isp lacem en t o f th e  
m a te r ia l sidew ays u n d e r  th e  e f fe c t  o f e x te rn a lly  ap p lied  loads. W hereas 
th e  d e fo rm atio n  o f  th e  m a te r ia l may be b o th  e la s t ic  and  p la s t ic , p la s t ic  
d e fo rm atio n  a ro u n d  th e  c o n ta c t a re a  o f th e  in d e n ta tio n  depends m ostly  on 
th e  s t r e s s  d is t r ib u t io n  a rro u n d  i t  and th e  h a rd n e ss  o f th e  m a te ria l. An 
in d e n ta tio n  is  re g a rd e d  fu lly  p la s t ic  i f  th e  in d e n ta tio n  h a rd n e ss  b e a rs  
a  c o n s ta n t r e la t io n s h ip  w ith  th e  y ie ld  s t r e s s  w hich fo r  a  r ig id  p la s t ic  
m a te r ia l ap p ro x im a tes  to  H/Y = 3, w here H is  th e  h a rd n e ss  o f th e  
m a te ria l and Y is  i t s  y ie ld  s t r e s s .  However th e  in d e n ta tio n  h as a m ixed 
e la s t ic  and p la s t ic  n a tu re  o f d e fo rm ation  w here th e  p la s t ic  defo rm ation  
is  a sso c ia te d  w ith  th e  c o n ta c t a re a  o f th e  in d e n ta tio n  b u t th e  av erag e  
s t r e s s  d is t r ib u t io n  can n o t be d e sc rib e d  by th e  r ig id  p la s t ic  th e o ry  and 
some e la s t ic -p la s t ic  in te ra c t io n s  have  to  be ta k e n  in to  accoun t. T his 
a sp e c t th o u g h  n o t th e  s u b je c t o f  d iscu ss io n  fo r  th e  p re se n t s tu d y , i s  o f 
c o n s id e ra b le  im p o rtan ce  and is  d esc rib ed  b r ie f ly  in  th e  n ex t s e c tio n  
(2:5:2), in  co n ju c tio n  w ith  th e  m odel o f P e r ro t t  (1977).
P la s tic  de fo rm atio n  a ro u n d  an  in d e n ta tio n  p a r t ic u la r ly  fo r  a pyram id 
in d e n to r  h a s  been  s tu d ie d  in  d e ta i l  by W hite (1984). She h a s  u sed  
v a r io u s  s t r e s s  d is t r ib u t io n  m odels and h as  c a lc u la te d  th e  flow  and 
re s id u a l  s t r e s s e s  a ro u n d  th e  in d e n ta tio n s . From th e  r e s u l ts  re p o rte d , i t  
seem s th a t  th e  m odel o f Dyer (1965) is  th e  m ost su cc e ss fu l in  ex p la in in g  
th e  s l ip  tra c e  c o n fig u ra tio n s  a ro u n d  them  as i t  ta k e s  th e  c ry s ta ll in e  
n a tu re  o f th e  m a te ria l in to  accoun t. The s t r e s s  d is tr ib u tio n  and
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c o n c e n tra tio n  a ro u n d  th e  in d e n ta tio n s  have  been  p a r t ly  a t t r ib u te d  to  th e  
u n d e rly in g  d is lo c a tio n  m ic ro s tru c tu re s . This app ro ach  w ill be ex ten d ed  
to  th e  p re s e n t work. I t  w ill be th e re fo re  h e lp fu l to  give a b r ie f  
rev iew  o f a  few p re -e x is tin g  m odels.
2:5:2. THE PERROTT MODEL.
T his model was b a s ic a lly  concerned  w ith  th e  an a ly s is  and  ex p lan a tio n  o f 
th e  f ra c to g ra p h ic  n a tu re  of c ra ck s  w hich a re  re a d ily  o b serv ab le  in  
re a so n a b ly  to u g h  m a te ria ls  su ch  as cem ented ca rb id e  to o l m a te ria ls  and 
in  h ig h  a llo y  w h ite  iro n s . The ap p ro ach  of th e  model how ever is  lim ited  
to  sh allo w  in d e n ta tio n s  made by o b tu se  ax ia lly  sym m etric in d e n te rs  so 
t h a t  th e  r e s u l ts  o f sm all d isp lacem en t th e o r ie s  fo r  e la s tic  c o n tac t on 
l in e a r  is o tro p ic  m a te ria ls  may be ap p lied  to  th e  problem . The t e s t  
m a te r ia l h as been  assum ed as p e r fe c tly  e la s t ic -p la s t ic  b u t th e  p h y sica l 
co n cep t ap p lied  to  th e  problem  in v o lv es  a fu lly  p la s t ic  in d e n ta tio n  
w hich  grow s m ainly by th e  upw ard  d isp lacem ent o f a m a te ria l a d jacen t to  
th e  in d e n to r. The e la s tic  com ponent how ever, is  in v o lv ed  in  th e  ra d ia l  
d isp lacem en t o f th e  e la s t ic -p la s t ic  b oundary  as th e  main mechanism of 
accom m odating th e  volum e of th e  in d e n te r . The p h y sica l model u sed  fo r  
d e sc rib in g  an e la s t ic -p la s t ic  in d e n ta tio n  u sed  by P e r ro t t  (1956) is  
show n in  fig . 2.2. The im p o rtan t fe a tu re  of th is  model is  th e  p la s t ic  
zone a d jacen t to  th e  c o n tac t a re a  and a boundary  se p a ra tin g  th is  zone 
from  th e  su rro n d in g  e la s t ic -p la s t ic  reg io n s . For fin d in g  th e  a p p ro p ria te  
fo rm s o f th e  s t r e s s  fu n c tio n s  fo r  s ta t ic  load ing , s t r e s s  te n so rs  have  
b een  u sed  and th e  problem  so lv ed  fo r  th e  e la s tic  and p la s t ic  zones u n d e r 
c e r ta in  b o undary  co n d itio n s . The so lu tio n s  fo rw arded  a re  ted io u s  and 
w ill n o t be rep ro d u ced . However th e  im p o rtan t p a ram ete r of th e  r e s u l ts
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is  th e  ap p a ren t c e n tra l  p re s s u re  p of th e  e la s tic  f ie ld  w hich fo r  
p la s t ic  in d e n ta tio n  is  l in e a r ly  re la te d  to  th e  y ie ld  s t r e s s  y.
A n o th e r a sp ec t of th i s  model is  concerned  w ith th e  r e s id u a l  s tr e s s e s  o f 
th e  u n loaded  in d e n ta tio n s . (This p a r t  of th e  model is  eq u a lly  im p o rtan t 
as i t  a ffe c ts , in  th e  p re s e n t  w ork  th e  su b seq u en t b e h av io u r o f th e  
m a te ria l, e.g. re la x a tio n , fa tig u e , in d e n ta tio n  c rack in g  etc). The 
ex p erim en ta l o b se rv a tio n s  co n cern in g  th e  n a tu re  o f in d e n ta tio n  c rack in g  
on e la s t ic -p la s t ic  c o n ta c t have  show n th e  occu rrance  o f f r a c tu re  d u rin g  
u n lo ad in g  w here th e  re v e rse d  s lip  p ro cess  during  un lo ad in g  g e n e ra te s  
t r a n s ie n t  s tre s s e s  o f com plex n a tu re . A nother s t r e s s  te n s o r  h as  been  
se le c te d  and used  to  g e t e x p re ss io n s  fo r  th e  a p p a re n t e la s t ic  reco v e ry  
o f th e  e la s t ic -p la s t ic  in d e n ta tio n  w ith  th e  p la s tic  com ponents of s t r a in  
b e in g  re ta in ed .
T his model though  s u ita b le  fo r  th e  e la s t ic -p la s t ic  mode o f defo rm ation , 
does n o t tak e  th e  c ry s ta l l in i ty  o f th e  m ateria l in to  acco u n t and hence 
a p p e a rs  to  give in  g e n e ra l an in a d e q u a te  re sp o n se  (White 1984).
2:5:3. THE DYER MODEL.
D yer (1965) has p u t fo rw ard  a m odel to  exp lain  th e  a c tu a l d is lo c a tio n  
d is t r ib u t io n  and th e  h i l l  fo rm atio n  a ro u n d  (the c o n tac t a re a  of ) a b a ll 
in d e n ta tio n  in  a  cube face  o f copper c ry s ta ls . The d is lo c a tio n  
co n fig u ra tio n  was re v e a le d  in  th re e  dim ensions by su ccess iv e ly  rem oving 
la y e rs  by chem ical and  e le c tro ly t ic a l  p o lish ing  and develop ing  e tch  p i ts  
on th e  specim en su rfa ce .
In develop ing  th is  m odel, th e  g e n e ra l p rocedu re  ad o p ted  was to  c o n sid e r 
f i r s t  th e  s tre s s  f ie ld  g e n e ra te d  by th e  in d e n to r on an e la s tic  is o tro p ic  
m a te ria l, th en  re so lv e  th is  s t r e s s  on th e  d if fe re n t s lip  p lan es  along
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th e  d if fe re n t  s l ip  d ire c tio n s  and  f in a lly  c o n s id e r th e  ex p an sio n s  and 
in te ra c t io n s  o f th e  g lid in g  d is lo c a tio n  loops w ith  one an o th e r . The main 
in d e n ta tio n  m echanism  o f th is  model can be d e sc rib e d  a s  fo llow s.
In  th e  c o n tac t a re a , th e  s u rfa c e  low ering  o ccu rs  on s e ts  o f p lan es  
a rra n g e d  in  th e  tru n c a te d  pyram ids th a t  d iv e rg e  in to  th e  m a te ria l, 
c a lle d  type  I p lan es . The h i l l  ra is in g  occu rs  on s e ts  o f p lan es  th a t  
s u rro u n d  th e  f i r s t  s e t  w ith  converg ing  tru n c a te d  pyram ids, ca lled  type  
II p lan es . These ty p e  I and ty p e  II p lan es  a re  show n sch em atica lly  in  
fig . 2.3(a).
An im p o rtan t d is lo c a tio n  in te ra c t io n  of th is  model is  an  a n n ih ila tio n  
r e a c t io n  th a t  d iv e r ts  th e  s l ip  dow nw ards a t  th e  c o rn e rs  %vhere th e  
d iv e rg in g  p lan es  in te r s e c t  one o th e r  b u t i t  le ad s  to  a  re p u ls io n  o f th e  
d is lo c a tio n  segm ents a t  th e  c o rn e rs  w here th e  second  s e t  o f p lan es  
in te r s e c t .  In te ra c tio n s  betw een  th e  f i r s t  and second  s e ts  o f p lan es  lead  
m ostly  to  L o m er-C o ttre ll locks. A ccording to  th is  model th e  e la s t ic  and 
p la s t ic  com ponents o f th e  s t r a in  a re  co n fined  to  th e  d is lo c a tio n  
m ic ro s tru c tu re s  form ed d u rin g  lo a d in g  and u n lo ad in g  th e - in d e n ta tio n  i n - 
th e  specim en. F ig u re  2.3(a) show s accord ing  to  th e  Dyer model, th e  
p re fe r re d  s tre am lin es  fo r  th e  p la s t ic  flow o f th e  m a te ria l a ro u n d  a b a ll 
in d e n ta tio n  on th e  (001) face  o f copper. The d iv e rg in g  s tream lin es  
change  th e i r  d ire c tio n s  a t  th e  in te rs e c tio n  o f ty p e  I and  ty p e  II p lan es  
to  d iv e r t  th e  s lip  upw ards w hich  re s u l ts  in  th e  u p th r u s t  o f th e  su rfa ce  
o r  h i l l  fo rm ation .
2:6. EFFECT OF PRE-STRAINING THE SPECIMENS ON FATIGUE CYCLING. 
P re - s tr a in in g  o f th e  specim ens can  be in  th e  form  o f in d e n ta tio n  p r io r  
to  fa tig u e  o r  th e i r  u n id ire c tio n a l defo rm ation  e i th e r  in  te n s io n  o r
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com pression . As m entioned  e a r l ie r  in  s ec tio n  2:4, th e  d is lo c a tio n  
m ic ro s tru c tu re s  in tro d u c e d  by  th e  in d e n ta tio n  en hance  th e  s t r e s s  
c o n c e n tra tix jn s ^ ro u h d  ■ i t .  In~  th e  e a r ly  s tag e s  o f fa t ig u e  cycling  th is  
h e lp s  to  form PSBs in  re g io n s  n e a r  in d e n ta tio n s  much e a r l ie r  th a n  in  
th o s e  w ell away from  them . Work on th is  a sp e c t h as  b een  c a r r ie d  o u t and  
is  re p o r te d  in  C h ap te r 6.
The e ffe c t of w ork h a rd e n in g  on fa tig u e  o f p u re  co p p er s in g le  c ry s ta ls
re p o r te d  by F e ltn e r  and  L a ird  (1967) re v e a ls  th a t  co ld  w orked m eta ls
un dergo  so ften in g  u n d e r cyclic  s tra in in g . Hence th e y  ap p ro ach  a
c h a ra c te r is t ic  s a tu r a t io n  o r  s te a d y  s ta te  flow  s t r e s s  w hich is
determ ined  only  by th e  p la s t ic  s t r a in  am plitude  and  te m p e ra tu re  o f
te s t in g  in  m a te ria ls  o f wavy s l ip  mode. The e ffe c t o f  w ork  h a rd en in g
m onoton ica lly  on th e  fa tig u e  o f co p p er s in g le  c ry s ta ls  h a s  a lso  been
re p o r te d  by W inter (1982) who h ad  g iven  a p r e - s t r e s s  o f 2 kg mm ^ in
_2com pression  and 4.6 kg mm in  te n s io n  to  th e  specim ens. He re v e a le d  
th a t  th e  in i t ia l  de fo rm atio n  in  th e  p re -fa tig u e d  specim ens had  v e ry  
l i t t l e  e ffe c t on th e  su b se q u e n t fa tig u e  b eh av io u r . The te n s i le  
p r e - s t r e s s  was found  to  frag m en t th e  PSBs and to  cau se  them  to  be m ore 
un ifo rm ly  d is tr ib u te d . Ham and  Broom (1962) d esc rib in g  th e  m echanism  o f 
fa tig u e  so ften in g  in  co p p er s in g le  c ry s ta ls  h av e  p o in te d  o u t th a t  th e  
B ausch inger e ffe c t (1886) and  th e  p ro d u c tio n  o f p o in t d e fe c ts  may 
p o ss ib ly  be th e  cau se  o f undo ing  th e  e ffe c t o f p re - s tr a in in g  (o r 
p re -s tre s s in g  as th e  case  may be) d u rin g  th e  fa tig u e  cycling  p ro cess . On 
th e  o th e r  hand, i t  h a s  a lso  been  re p o r te rd  by W hite (1984) t h a t  i f  
p r io r  to  fa tig u e  a c e ll s t r u c u tu r e  is  form ed in  th e  specim ens d u rin g  
u n id ire c tio n a l s tra in in g , i t  m ight h a rd ly  be a ffe c te d  by th e  su se q u e n t 
fa tig u e  cycling. K uhlm ann-W ilsdorf and L aird  (1980) h av e  d iscu ssed  in
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d e ta i l  th e  re la t io n  betw een  th e  u n id ire c tio n a l and  cyclic  s tra in in g  in
te rm s o f th e  u n d e rly in g  d is lo c a tio n  s t ru c tu re s .  A p art from  some
d iffe re n c e s  o f th e  e v o lu tio n  o f p o in t d e fec t ag g re g a te s  and  d is lo c a tio n  
g lid e  m echanism s, th e  e x is ta n c e  o f a  rem ark ab le  s im ila r ity  in  th e  
e v o lu tio n  o f d is lo c a tio n  s t r u c tu r e s  fo r  th e  tw o case s  h a s  been re p o r te d . 
A ccordingly  th e  'b r a id s ’ o f d is lo c a tio n s  seen  in  s ta g e  I and  e a r ly  s ta g e  
II o f  u n id ire c tio n a lly  deform ed m eta ls , have th e i r  c o u n te rp a r ts  in  th e  
lo o p  p a tch e s  and v e in in g  form ed in  fa tig u e . S im ila rly  p o ly g o n isa tio n  
ty p e  w alls  o f th e  fo rm er case  resem ble  th e  d ip o la r  w a lls  o f PSBs in  th e  
l a t t e r  a lso  th e  c e ll s t r u c tu r e  w hich may form  a t  s t i l l  h ig h e r  s t r a in
am p litu d es  o u t o f th e  w all s t r u c tu r e  in  s in g le  c ry s ta ls  o r  q u ite
g e n e ra lly  in  p o ly c ry s ta ls  is  th e  p a ra l le l  to  th e  c e ll  s t ru c tu re  ty p ic a l 
fo r  s ta g e  II and III in  u n id ire c tio n a l s tra in .
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CHAPTER 3.
EXPERIMENTAL TECHNIQUES.
3:1. FATIGUE-TESTING TECHNIQUES.
3:1:1. FATIGUE OF BULK SPECIMENS.
Specim ens, b o th  p o ly c ry s ta llin e  and  s in g le  c ry s ta ls , w ere fa tig u e  cycled
in  a  re v e rse  bending  fa tig u e  te s t in g  m achine c o n s tru c te d  to  g ive  fa t ig u e
a t  c o n s ta n t to ta l  s t r a in  am p litu d es . Specim ens to  be fa tig u e d  w ere so
d esig n ed  th a t  a  rea so n a b ly  u n ifo rm  d is tr ib u tio n  o f su rfa c e  (e la s tic )
s t r a in  could  be ach ieved , p a r t ic u la r ly  a t  o r  c lo se  to  th e  c e n tr a l
te n s i le  s t r e s s  ax is  t  . Such a un ifo rm  d is t r ib u tio n  o f s t r a in  cou ld  beo
ju d g ed  by th e  d is tr ib u tio n  o f  th e  f in e  s lip  lin e s  on th e  su rfa c e  o f th e  
specim en du rin g  th e  in i t ia l  s ta g e s  o f fa tig u e  te s t s .
The sh ap e  and dim ensions o f th e  specim ens u sed  to  ach iev e  th is  p u rp o se  
(un ifo rm  d is tr ib u tio n  of s tr a in )  se le c te d  by W hite (1984) have been  u sed  
and  th e se  a re  shown in  fig . 3.2(a). The w ider end  o f th e  specim en was 
firm ly  clam ped w hile th e  n a rro w  end was a d ju s te d  and coup led  
m echan ically  to  a s lid in g  b a ll  and  clamp a rran g em en t show n in  fig . 
3.2(b).
F iv e  e cc e n tr ic  w heels Wl, W2,...... W5, d riv e n  by a m otor, p ro v id e
d is t in c t  v a lu es  o f c o n s ta n t s t r a in  am p litudes fo r  fa tig u e  cycling  w hile  
k eep in g  th e  d e fle c tio n  of th e  n a rro w  end of th e  specim ens in  a v e r t ic a l  
p lan e .
The to ta l  s t r a in  am plitude  v a lu e s  w ith  th e se  w heels w ere ca lc u la te d  from  
th e  re la tio n  re p o r te d  by W hite (1984)
t  X h
e = -----------=—  (3.1).
( )
w here  t  = th ic k n e ss  o f th e  specim en,
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h = maximum h a lf  d e fle c tio n  o f  th e  narrow  end d u rin g  a  cycle  (m easured  
by a  T rav e llin g  M icroscope) and
lg= gauge len g th , i.e , the" d is ta n c e  betw een th e  clam ped ends o f  th e  
specim en.
The te n s i le  p la s t ic  s t r a in  am p litu d e  p e r  h a lf  cycle, a t  s a tu r a t io n  
w as th en  e s tim ated  from  th e  e q u a tio n ,
^ t  " ^ p l  ^ ®"s  ^ ^
w here  o*^  is  th e  s a tu r a t io n  s t r e s s  (co rresp o n d in g  to  th e  p la te a u  regim e 
o f th e  css  cu rv e  fo r  copper) an d  E is  th e  Young’s m odulus a p p ro p r ia te  to  
th e  p rim ary  s lip  system  fo r  fa tig u e .
A v a lu e  o f 0*^  = 28 MPa, w as ta k e n  from  w ork o f M ughrabi (1978) and  th a t  
o f E = 6.9x10^ MPa, from  w ork  o f  W hite (1984), to  c a lc u la te  th e  v a lu e s  
o f  and Cp^ w hich a re  l i s te d  in  ta b le  3.1.
The p la s t ic  s t r a in  am p litu d es  o b ta in e d  by u s in g  th e  w h eels  Wl and  W2 
w ere below  th e  th re s h o ld  v a lu e  o f 6.5x10  ^ re q u ire d  to  in i t ia te  th e  
p e r s is te n t  s lip  bands (M ughrabi 1978, 1985, L a ird  e t  a l 1986). F o r th is  
re a so n  th e  p la s t ic  s t r a in  am p litu d e  of th e se  w heels cou ld  n o t be 
e s tim ated . These w heels w ere th e re fo re  used  only  when specim ens w ere 
needed  to  be s t r a in  h a rd e n ed  a t  low er am p litu d es  p r io r  to  f u r th e r  
fa tig u e  a t  a h ig h e r  am plitude .
A pproxim ately  th e  same p la s t ic  s t r a in  am plitude  v a lu e s  a re  ex p ec ted  fo r  
fa tig u e  o f th e  p o ly c ry s ta l lin e  specim ens. This is  b ecau se  th e  cyclic  
s t r e s s  s t r a in  cu rv e  o f co p p er f o r  s in g le  c ry s ta ls  ag ree  f a i r ly  w ell w ith  
t h a t  o f th e  p o ly c ry s ta llin e  m a te r ia l when th e  am plitude  is  low (re p o r te d  
in  s e c tio n  1.2)
A ll specim ens u sed  fo r  th e  p re s e n t  w ork w ere fa tig u e d  in  a i r  a t  room 
te m p e ra tu re  w ith in  a freq u e n cy  ran g e  o f 6 -  8 Hz.
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3:1:2. FATIGUE OF THIN FOILS.
The fa tig u e  m achine d esig n ed  to  fa tig u e  th in  fo i ls  was s im ila r  in  
p r in c ip le  to  th a t  fo r  b u lk  specim ens (m entioned above) ex cep t th a t  th i s  
tim e th in  fo ils  to  be fa tig u e d  form ed a p a r t  o f an alum inium  beam o f th e  
sam e sh ape  as  th a t  o f th e  b u lk  specim ens b u t hav ing  d if f e r e n t  d im ensions 
show n sch em atica lly  in  fig . 3.3. The clam ping a rran g em en t a t  th e  n arrow  
end  how ever was a n u t  and  b o lt  system  in s te a d  o f  th e  s lid in g  b a ll  and  
clam p arrangem en t u sed  fo r  th e  b u lk  specim ens.
C y an o acry la te  re s in  w as u sed  to  g lu e  th e  specim ens on th e  beam. A fte r 
fa t ig u e  th is  cou ld  be d is so lv e d  away by d im ethy l-form am ide in  a b o u t 
tw e lv e  h o u rs  a t  room te m p e ra tu re  and more q u ic k ly  a t  h ig h e r  
te m p e ra tu re s . This g lue , th o u g h  an id e a l adhesive , som etim es d rie d  up so  
q u ic k ly  th a t  th e  specim ens co u ld  n o t be p o s itio n e d  p ro p e rly  o r  a lig n ed  
e x a c tly  p a ra lle l  to  th e  c e n tr a l  a x is  t^  of th e  beam. T his m ight have  
in tro d u c e d  a  ro ta t io n  o f up  to  ± 6° in  th e  te n s i le  s t r e s s  ax es  fo r  
fa t ig u e  o f th e  th in  fo i l  specim ens.
The v a lu es  o f th e  c o n s ta n t to ta l  s t r a in  am p litu d es, u sed  fo r  fa tig u e
cycling  o f th e  th in  fo i l  specim ens w ere e stim ated  a s  b e fo re  (fo r w heels)
-4 -3and  w ere in  th e  ran g e  betw een  8x10 to  1.9x10 .
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3:2. CRYSTAL GROWTH AND ORIENTATION DETERMINATION.
S ing le  c ry s ta l specim ens, a  few  from  com m ercial p u r i ty  and  th e  r e s t  from  
p u re  copper, w ere grow n by  t h e  m odified  B rid gem ann^enhn ique. F or th is  
p u rp o se , th e  specim ens w ere  f i r s t  c u t m echanically  to  f i t  in to  a  s p l i t  
g ra p h ite  mould, show n in  fig . 3.4(b). The specim ens w ere th e n  c leaned  
chem ically , u sing  10 % ammonium p e r  su lp h a te  so lu tio n  w ith  added  liq u id  
ammonia and b o lte d  firm ly  in  th e  mould. This was th e n  s e a te d  in  th e  
b o tto m  of an a lum ina  tu b e  in  w hich a vacuum  o f 10 ^ T o rr o r  m ore was 
m ain ta in ed  th ro u g h o u t th e  c ry s ta l  g row th . T his tu b e  w as th e n  low ered  
in to  a  tem p e ra tu re  c o n tro lle d  fu rn a c e , w hich p ro v id ed  a  m elting  zone 
w ith  a  te m p e ra tu re  g ra d ie n t. The p iece  o f a p p a ra tu s  u sed  f o r  th is  
p u rp o se  is  shown sch e m a tic a lly  in  fig . 3.4(a).
The tem p era tu re  and  te m p e ra tu re  g ra d ie n t o f th e  fu rn a c e  w ere determ ined  
w ith  a su ita b le  th e rm o co u p le , w ith  i t s  one end a t ta c h e d  to  a re fe re n c e  
p o in t  o f th e  mould w h ile  k eep in g  i t s  o th e r  end a t  th e  te m p e ra tu re  o f 
ice . A s ta n d a rd  c h a r t  w as u sed  to  co n v ert th e  p o te n tio m e te r  read in g s  
in to  th o se  o f th e  te m p e ra tu re  in  degrees. A low ering  speed  o f 12.5 
m m /hour gave a  te m p e ra tu re  g ra d ie n t  of 1.5 °C/mm. The m elting  zone 
te m p e ra tu re  was k e p t c lo se  to  1100 °C (which was ju s t  above th e  m elting 
te m p e ra tu re  o f copper, s  1083 °C).
A fte r  grow th, th e  seed s  w ere c u t  away from  th e  c ry s ta ls  by sp a rk  e ro s io n  
an d  w ere g iven  a  l ig h t  e le c tro p o lish in g . The o r ie n ta t io n s  o f  th e  
c ry s ta ls  w ere l a te r  d e te rm in ed  by ta k in g  back  re f le c t io n  X-Ray Laue 
p h o to g rap h s . The sp o t p a t te r n s  th u s  o b ta in ed  w ere in d ex ed  w ith  th e  h e lp  
o f a  G reninger c h a r t. Some o f th e  c ry s ta ls  how ever had  to  be re -o r ie n te d  
to  b rin g  th e i r  c e n tra l  te n s i le  ax es  t^  in to  th e  b a s ic  u n i t  tr ia n g le  o f 
th e  s ta n d a rd  cub ic  s te re o g ra p h ic  p ro jec tio n . The c ry s ta l  a rc s  a re  shown
25
in  th i s  s ta n d a rd  u n i t  t r ia n g le  in  fig . 3.5, The c e n tre s  o f th e  a rc s  
r e p re s e n t  th e  lo c a tio n  o f th e  c e n tra l  axes and  th e  en d s t l  and t2 (th e  
d ire c tio n s  'a h ’ and  'cd ' o f th e  specim ens, show n in  f ig .3.2a). The p o les  
a t  90° from  th e  a rc s  g ive  th e  lo c a tio n s  of th e  s u r fa c e  norm als o f th e  
c o rre sp o n d in g  c ry s ta ls .  A pproxim ate  (w ith in  5 o r  6°) v a lu e s  o f th e  {hkl} 
o r ie n ta t io n s  o f th e s e  c ry s ta ls  a re  a lso  l is te d  in  ta b le  3.2.
3:3. SPECIMEN PREPARATION.
3:3:1. PREPARATION OF BULK SPECIMENS.
Specim ens to  be p re p a re d  w ere m ounted on a  s u i ta b le  p la te  u s in g  wax. 
They w ere th e n  g ro u n d  su cc e ss iv e ly  on fo u r  s ilic o n  c a rb id e  p a p e rs  moving 
from  c o a rse r  to  f in e r  g ra d e s  w ith  uniform  and minimum p o ss ib le  e x e rted  
s t r e s s .  T hese specim ens w ere th en  p o lish e d  m echan ica lly  on a 
c lo th -c o v e re d  ro ta t in g  w heel u s in g  diamond lap p in g  com pounds o f 6, 3 and 
1 fim su cce ss iv e ly . The specim en su rfa ce  was c lean ed  in  an  u ltra so n ic  
b a th  d u rin g  and  a f te r  th e  m echanical p o lish in g . A fte r  rem oving from  th e  
m ounting  p la te s  th e  u n p o lish e d  su rfa c e  was co v ered  w ith  a  p ro te c tiv e  
v a rn is h  w hich h e lp ed  to  av o id  to o  much th in n in g  o f th e  specim ens in  th e  
l a t e r  s ta g e  o f e le c tro p o lish in g . The e le c tro ly tic a l  p o lish in g  b a th  used  
w as a  m ix tu re  o f 30 % n i t r ic  ac id  and 70 % m ethano l o f  th e  a n a ly tic a l 
g rad e . The specim ens w ere p o lish e d  in  th is  b a th  a t  a  te m p e ra tu re  in  th e  
ra n g e  betw een  -15 to  -20 °C, u s in g  a p o te n tia l  d if fe re n c e  o f 10 v o lts  
fo r  1 to  2 m inutes.
A fte r  p o lish in g  th e  specim ens w ere th o ro u g h ly  r in s e d  fo r  one m inute 
each  in  th re e  su c c e ss iv e  m ethano l b a th s  and l a te r  d r ie d  in  a  je t  o f warm 
a ir .
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3:3:2. TEM POLYCRYSTALLINE THIN FOILS.
T hin  sh e e ts  o f p u re  p o ly c ry s ta l lin e  co p p er hav in g  d im ensions 50mm x 50mm 
X 0.1mm w ere c u t in to  s t r ip s  o f 10mm x 4mm size  and  a f t e r  g iv ing  a  l ig h t  
e le c tro p o lish in g  w ere an n ea led  a t  800 -  900 °C fo r  a few  h o u rs  to  g e t a 
la rg e  g ra in  size. T hese s t r ip s  w ere a lso  e le c tro p o lish e d  a f te r  an n ea lin g  
to  rem ove th e  th e rm a l e tch in g  fe a tu re s .
A fte r  m aking in d e n ta tio n s  on th e  specim ens a n d /o r fa tig u e  cycling, d isc s  
o f 3mm d iam ete r w ere c u t from  them  w ith  th e  s p a rk  m achine w ith  th e  fo i l  
s t r ip s  g lued  to  a  m etal p la te  w ith  a  con d u ctin g  g lue. Lacom it v a rn ish  
w as f re q u e n tly  u sed  to  p ro te c t  th e  in d e n ta tio n s  a n d /o r  th e  a re a s  o f 
in te r e s t .  On some o ccas io n s  a  w ire  e le c tro d e  was u sed  to  c u t re c ta n g u la r  
sh ap ed  specim ens w hich f a c i l i ta te d  th e  c o rre la tio n  o f th e  fa tig u e  
te n s io n  axes to  th e  su rfa c e  fe a tu re s  o f th e  specim ens, e. g. s lip  lin e s , 
PSBs e tc .
3:3:3. TEM SPECIMENS FROM BULK SINGLE CRYSTALS.
B ulk s in g le  c ry s ta ls  w ere a lso  s lic ed  by sp a rk  m achining in to  10mm x 4mm 
th in  s t r ip s  o f th ic k n e s s  in  th e  ran g e  betw een 0.25 to  0.30mm w ith  th e i r  
long  s id e s  p a ra l le l  to  th e i r  c e n tra l  te n s i le  s t r e s s  ax es . These s t r ip s  
w ere  f i r s t  p o lish ed  m echan ica lly  and  th e n  e le c tro ly tic a lly  u sing  th e  
sam e e le c tro ly tic a l  b a th  m entioned  above. This was g e n e ra lly  done from  
b o th  s id e s , to  su ch  an e x te n t th a t  th e  m ost dam aged p a r ts  w ere rem oved 
from  th e i r  su rfa c e s . In th i s  way th e  f in a l th ic k n e ss  o f th e se  s t r ip s  
co u ld  be red u ced  to  & 100 -  200fim. F in a lly  th e se  s t r ip s  w ere annealed  to  
m inim ise th e  dam age in tro d u c e d  in to  them  d u rin g  th e i r  p re p a ra tio n . These 
p re p a re d  s t r ip s  o r  th in  fo i ls  w ere th e n  in d e n te d  a n d /o r fa tig u e d  b e fo re  
c u tt in g  d isc s  from  them  by s p a rk  m achine.
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T hinn ing  o f  th e  d is c s  was c a r r ie d  o u t in  a  T enupol u s in g  th e  same n i t r ic  
a c id -m eth an o l b a th  as  fo r  b u lk  specim ens. U n til a  f in e  h o le  was 
p ro d u ced , th e  te m p e ra tu re  was k e p t a t  s  -15 °C fo r  fa tig u e d  specim ens 
and  s  -20 °C fo r  th e  'in d en ted  on ly ' specim ens, u n d e r  th e  p o te n tia l  
d iffe re n c e  o f 10 v o lts . A fte rw ard s  th e se  p o lish ed  d isc s  were r in se d  in  
th re e  c le a r  m ethano l b a th s  su ccess iv e ly , fo r  one m inu te  in  each b a th  and 
d r ie d  in  a  s tream  o f  warm a ir .
3:4. INDENTATION TECHNIQUE.
The su rfa c e  dam age in  th e  form  o f in d e n ta tio n s  w as in tro d u ce d  w ith  a 
V ickers  Diamond pyram id  in d e n to r  w hich was a s q u a re -b a se d  pyram id w ith  
136° in c lu d ed  an g le  betw een  i t s  o p p o s ite  faces  and  hav in g  a  d e p th  to  
d iag o n a l r a t io  o f 1 : 7.
L oads o f 30 and  100 gm w ere u sed  fo r  load in g  tim es o f f if te e n  seconds. 
T his in  w ell an n ea led  specim ens re s u lte d  in  in d e n ta tio n s  w hich had  
av e rag e  d iag o n a l le n g th s  o f ab o u t 40jam and 70nm re sp ec tiv e ly . While 
in d e n tin g  th e  specim ens, one o f th e  sq u a re  s id e s  o f th e  in d e n ta tio n s  was 
k e p t  p a ra l le l  to  t h e i r  c e n tra l  te n s i le  s t r e s s  ax es . While making 
in d e n ta tio n s , c a re  w as a lso  ta k e n  to  keep  th e  specim ens as h o riz o n ta l 
and  sm ooth as p o ss ib le .
3:5. OBSERVATION TECHNIQUES.
A R e ich e rt MeF o p tic a l  m icroscope w ith  an a tta c h e d  cam era was u sed  to  
o b se rv e  and p h o to g ra p h  th e  su rfa c e  fe a tu re s  o f th e  in d e n te d  and fa tig u e d  
specim ens. In som es case s  a  P h il ip s  S250 scann ing  e le c tro n  m icroscope 
(SEM) was u sed  to  s tu d y  and p h o to g rap h  th e  f in e r  d e ta i ls  o f th e  
in d e n ta tio n s  and  PSBs, as  i t s  d e p th  o f focus and  th e  re so lv in g  pow er
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w ere  g re a te r  th a n  th a t  o f th e  o p tic a l  m icroscope.
Work on th in  fo i ls ,  fo r  e x p lo rin g  th e  d is lo c a tio n  m ic ro s tru c tu re s  in  th e  
in d e n te d —a n d /o r  fa tig u e d  -specim ens, was d o n e . -on ^a J e o l 200-GX 
T ran sm issio n  E lec tro n  M icroscope (TEM). T his m icroscope was m ostly  
o p e ra te d  a t  200 kV ex cep t fo r  a few  v e ry  th in  specim ens w here i t  was 
re d u c ed  to  160 kV. A s in g le  t i l t  h o ld e r  was f re q u e n tly  used  to  in s e r t  
th e  specim ens in to  th e  m icroscope fo r  g en era l s tu d y  and a lso  fo r  ta k in g  
some low m ag n ifica tio n  p h o to g ra p h s  o f th e  d is lo c a tio n  s t ru c tu re s  a ro u n d  
th e  h o le s  o f th e  d iscs . The d o u b le  t i l t  h o ld e r, w hich p ro v id ed  t i l t  to  
th e  specim ens a longw ith  ro ta t io n , w as u sed  m ostly  fo r  th e  d e ta ile d  
s tu d y  o f th e  d is lo c a tio n  m ic ro s tru c tu re s  in  th e  specim ens fo r  a n a ly tic a l 
p u rp o se s . The m agn ifica tio n s  u sed  to  ta k e  th e  m icrog raphs ranged  m ostly  
from  4 k  to  20 k  b u t som etim es low m ag n ifica tio n s  down to  100 w ere u sed  
f o r  im aging th e  h o le s  to  c o r re la te  th e  o p tic a l su rfa c e  fe a tu re s  w ith  
th o s e  o f  TEM m icrographs. O ccasionally  how ever, some h ig h e r  
m ag n ific a tio n  m icrographs, up  to  80 k  w ere ta k e n  to  enhance th e  d e ta i ls  
o f  some o f th e  fe a tu re s  o f in te :^ t ,  e.g. d is lo c a tio n  d ip o les , loops e tc .
3:6. SPECIMEN ANNEALING.
Specim en an n ea lin g  p lays an  im p o rta n t ro le  in  red u c in g  th e  d is lo c a tio n  
d e s ity  in  th e  specim ens, e i th e r  l e f t  o v e r by th e  m echanical p o lish in g  o r  
in tro d u c e d  by o th e r  means su ch  as  in d e n ta tio n s  o r  fa tig u e  cycling. F or 
th e  poly  c ry s ta l l in e  m a te ria ls  w hich in i t ia l ly  had  a sm all g ra in  size, 
an n ea lin g  was done to  in c re a se  th e  g ra in  s ize  w hich was h e lp fu l in  
fa c i l i ta t in g  th e  o b se rv a tio n  o f th e  s u rfa c e  s lip . Single c ry s ta l 
specim ens w ere how ever an n ea led  m ostly  to  m inim ise th e  defo rm ation  
in tro d u c e d  in  them  d u rin g  th e i r  p re p a ra tio n .
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A nnealing  was done in  a  VS2 fu rn a c e  b u il t  fo r  th is  p u rp o se  u n d e r a 
vacuum  o f 10 ^ T o rr o r  b e t te r  in  th e  te m p e ra tu re  ran g e  o f  800-1000°C fo r  
a  few  h o u rs . The specim ens to  be  an n ea led  w ere e le c tro p o lish e d  b e fo re  
an n ea lin g  to  rem ove co n tam in a tio n  on th e i r  su rfa c e s  w hich cou ld  
o th e rw ise  p o ss ib ly  d if fu se  in to  them  d u rin g  an n ea lin g . A s im ila r  
tre a tm e n t was g iven  to  them  a f te r  th e i r  ann ea lin g . The specim ens 
p o lish e d  m echan ically  n eeded  e le c tro ly tic a l  p o lish in g  b e fo re  an n ea lin g  
a s  th e re  was a  p o s s ib i l i ty  o f  re c ry s ta l l i s a t io n  in  them  d u rin g  
an n ea lin g .
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CHAPTER 4.
PLASTIC DEFORMATION AROUND INDENTATIONS.
4.1. INTRODUCTION.
In  th e  f i r s t  p a r t  o f th is  C h ap te r, th e  s u rfa c e  to p o g rap h y  of 
in d e n ta tio n s  and  th e i r  su rro u n d in g  reg io n s  w ill be an a ly sed  based  m ostly  
on th e  su rfa c e  s lip  tra c e  d is t r ib u t io n  a ro u n d  them . Since p la s t ic  
d e fo rm a tio n  o f a  m a te ria l is  c lo se ly  re la te d  to  i t s  c ry s ta ll in e  
s t r u c tu r e ,  s in g le  c ry s ta l  specim ens o f a  few o r ie n ta t io n s  w ere used  to  
c o r re la te  th e  su rfa c e  d e fo rm a tio n  w ith  th e  u n d e rly in g  d is lo c a tio n  
m ic ro s tru c tu re s  in tro d u ce d  by th e  in d e n ta tio n s . The specim ens w ere 
p o lish e d , an n ea led  and  in d e n te d  acco rd in g  to  th e  te ch n iq u es  re p o r te d  in  
C h a p te r  3.
S ince  i t  was v e ry  d if f ic u l t  to  o b se rv e  th e  s lip  tr a c e s  in  fu l l  d e ta il , 
p a r t ic u la r ly  in  w ell an n ea led  specim ens and u s in g  th e  o b se rv a tio n  
te c h n iq u e  d e sc rib ed  in  C h ap te r  3, some s lip  tr a c e  in fo rm atio n  was 
c o lle c te d  from  m icrographs o f th e  in d e n te d  and fa tig u e d  o r fa tig u e d  and 
in d e n te d  specim ens fo r  each  o r ie n ta tio n . A sp ec im en -o rien ted  Thompson 
g lid e  te tra h e d ro n  and  an a p p ro p r ia te  d iverg ing  tru n c a te d  pyram id based  
on th e  model o f Dyer (1965) h a s  been  in c luded  w ith  each  o r ie n ta tio n  in  
th e s e  f ig u res .
F o r convenience o f re fe re n ce , th e  fo u r  co rn e rs  o f th e  in d e n ta tio n  have 
b een  la b e lled  a, b, c and  d and  th e  c en tre  'o ' [fig . 4.1(a)] and th e  
re g io n s  a round  th e  in d e n ta tio n s  h av e  been su b -d iv id e d  in to  e ig h t zones 
(keep ing  one of th e  s id es  o f th e  in d e n ta tio n  h o riz o n ta l)  re p re se n te d  by 
th e  num bers: 1,2,3,....,8, show n sch em atica lly  in  fig . 4.1(b). Regions
fa c in g  th e  c o rn e rs  o f th e  in d e n ta tio n  w ill be re fe r re d  to  as  th e  
'd iag o n a l reg io n s ', w ritte n  as 1/2, 3/4 e tc . and reg io n s  fac in g  th e  
c e n tre s  o f th e  edges o f th e  in d e n ta tio n  w ill be ca lled  th e  'boundary
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re g io n s ', w ritte n  as  1/8, 2/3 e tc .
To id e n tify  th e  fam ilies  o f s l ip  tra c e s , w hich a re  {111} p lan es  o f th e  
s t ru c tu re ,  th e  s lip  system  w hich  h as  been c la s s if ie d  as th e  p rim ary  s lip  
system  du rin g  fa tig u e  cycling  h a s  been ca lled  p rim ary  s lip  system  fo r  
th e  in d e n ta tio n s . The rem ain in g  s lip  system s have been  id e n tif ie d  w ith  
th e  help  o f th e  known o r ie n ta t io n  and th e  co rresp o n d in g  Thom pson g lide 
te tra h e d ro n . D eta ils  o f th e  specim ens reg ard in g  th e i r  o r ie n ta tio n s  e tc . 
a re  given in  ta b le  4.1.
In  th e  second p a r t  o f th i s  c h ap te r , th e  r e s u l ts  from  tran sm iss io n  
e le c tro n  m icroscope s tu d y  w ill be rep o rted . Some specim ens o f s in g le  
c ry s ta ls  o f o r ie n ta tio n  C3, c a lled  U (fo r sim plic ity ) and a few 
specim ens o f o r ie n ta tio n  C7, ca lled  E [m erely because  th is  was c lo se  to  
th e  o r ie n ta tio n  'E' u sed  by W hite (1984)], w ere p re p a re d  fo r  th is  
p u rp o se  by th e  m ethod m en tioned  in  C h ap ter 3. D eta ils  o f th e  specim ens 
re g a rd in g  in d e n ta tio n  lo a d s , d is ta n c e  of a re a s  s tu d ie d  from  th e  cen tre s  
o f  th e  in d e n ta tio n s , d e p th s  o f h o le s  of th e  d iscs  from  th e  in d en ted  
s id e s , and th e  B urgers v e c to r s  o f d is lo c a tio n s  found  in  th e se  a re a s  a re  
g iven  in  ta b le  4.2 and  a lso  show n schem atica lly  in  fig . 4.19. I t  shou ld  
be  po in ted  o u t th a t  th e  o r ie n ta t io n s  of th e  c ry s ta ls  g iven  in  ta b le  3.1 
a re  only c o rre c t to  w ith in  5 o r  6 degrees.
The re s u lts  have been  in te rp re te d  w ith  th e  h e lp  o f fig s . 4.17(a) and 
4.18(a) which show ro u g h  sk e tc h e s  o f th e  su rfa ce  s lip  tra c e  d is tr ib u tio n  
a ro u n d  th e  in d e n ta tio n s  c o n s tru c te d  from  th e  d if fe re n t  o p tic a l 
m icrographs.
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4:2. EXPERIMENTAL RESULTS; SURFACE OBSERVATIONS.
4:2:1. SHAPE AND SIZE OF THE INDENTATION.
F or th e  V ickers Pyram id In d e n te r  th e  shape  o f th e  in d e n ta tio n  when 
view ed w ith  a low m ag n ifica tio n  o f th e  o rd e r o f 140x, resem bles a sq u are  
p i t  [fig . 4.5(b)], h av in g  a p p a re n tly  some s l ig h t  d is to r t io n s  a t  i t s  
edges. At h ig h e r m ag n ifica tio n s  o f th e  o rd e r  o f 400x, th e  ap p earance  is  
som ew hat d if f e re n t  [fig . 4.5(a)]. In w ell an n ea led  specim ens, th e  
in d e n ta tio n  ap p ea rs  l ik e  a  p in -c u sh io n  type  cav ity  w ith  i t s  sq u are  s id es  
draw n inw ards, g iv ing  th e  im p ression  of h i l l  fo rm atio n  w ith in  it.
In  un an n ea led  specim ens, th e  shape  o f th e  in d e n ta tio n  is  again  a l i t t l e  
d if f e r e n t  and a p p ea rs  to  be a d is to r te d  sq u a re -b a se d  pyram id w ith  some 
o f  i t s  s id e s  e i th e r  bu lged  in  o r  o u t a t  some p lace s , w ith  th e  fo rm ation  
o f some s tee p  a re a s  w hich ap p ea r to  have r id g e s  n e a r ly  a t  th e i r  cen tre . 
The o th e r  s id e s  show  th e  p resen ce  of a p p a re n tly  v e ry  h a rd  m a te ria l 
su rro u n d in g  them  m erely because  th e se  s id e s  a p p ea r e i th e r  fa ir ly  
s t r a ig h t  o r  h eav ily  d is to r te d  [fig s. 4.3(a) and (b)].
The size  of th e  in d e n ta tio n  is  a lso  an im p o rtan t p a ram ete r as i t  is  
d ire c tly  re la te d  to  th e  h a rd n e ss  o f th e  m a te ria l. I t  is  g iven  by th e  
av erag e  d iagonal le n g th  o f th e  in d e n ta tio n  w hich in  tu rn  depends upon 
th e  lo ad  and th e  m echanical p ro p e r tie s  of th e  m a te ria l e.g, y ie ld  o r 
flow  s tr e s s ,  e la s t ic  c o n s ta n ts  and th e  su rfa ce  o r ie n ta tio n  o f th e  
specim en. F or 100 gm lo ad s  th e  average  d iag o n al le n g th  o f th e  
in d e n ta tio n  in  an  an n ea led  copper c ry s ta l  has been  fo u n d  to  be n early  71 
jiim and  fo r  30 gm, n e a r ly  40/Lim. The average  d iag o n al len g th s  o f th e  
in d e n ta tio n s  become le ss  in  un an n ea led  o r fa tig u e d  specim ens and is  
red u ced  f u r th e r  w ith  an in c re ase  in  th e  s t r a in  h a rd en in g  o f th e  
m a te ria l. This a sp e c t o f fa tig u e  h a rd en in g  w ill be d iscu ssed  in  C h ap ters
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5, 6 and 7.
4:2:2. RESULTS OBTAINED ON INDIVIDUAL SPECIMENS.
(i) SPECIMEN Cl.
F ig u re  4.2(a) show s a 100 gm in d e n ta tio n  in  th e  an n ea led  specim en and  
f ig u re  4.2(b) show s a n o th e r  100 gm in d e n ta tio n  in  a fa tig u ed  specim en 
s e le c te d  to  id e n tify  th e  p rim ary  s lip  p lane  and to  g e t some a d d itio n a l 
in fo rm a tio n  ab o u t th e  s lip  tr a c e  d is tr ib u tio n  a ro u n d  th e  in d e n ta tio n . 
F ig u res  4.2 (c) and (d) show re s p e c tiv e ly  th e  specim en o rien ted  Thompson 
te tra h e d ro n  and th e  d iv erg in g  t ru n c a te d  pyram id b ased  on th e  model o f 
D yer (1965) a p p ro p ria te  to  th i s  specim en. The s id e s  o f th e  tru n c a te d  
pyram id  have  been ta k en  p a ra l le l  to  th e  tra c e s  o f s lip  p lanes o f th e  
a c tiv e  s lip  system s.
From  in sp ec tio n  o f th e  g e n e ra l ap p earan ce  of th e  in d e n ta tio n  in  fig . 
4.2(a) w hich is  ty p ic a l o f th i s  o r ie n ta tio n , i t  can be seen th a t  th e  
s id e s  'ab ' and  'ad ' [d e fin ed  in  fig . 4.1(a)] o f th e  in d e n ta tio n  look  
f a i r ly  s t r a ig h t  and lo n g e r th a n  th e  s id e s  'be ' and 'cd ' which a re  , in  
a d d itio n , cu rved  and  c o n tra c te d . The s ide  'be' a p p ea rs  to  be cu rv ed  
o u tw a rd s  accom panied w ith  some r a th e r  in d is t in c t  s l ip  tra c e s  on th e  
p rim ary  s lip  p lane  (111), as p a r t ly  confirm ed by fig . 4.2(b). The s id e  
'cd ' ap p ea rs  to  be s l ig h tly  draw n inw ards. The s l ip  tra c e s  on th e  o th e r  
p la n e s  a re  le ss  p ronounced  and  hence  give l i t t l e  in fo rm atio n  ab o u t th e  
s l ip  tra c e  d is tr ib u tio n . R efe rrin g  to  fig . 4.2d, i t  is  no ted  th a t  th e  
s te e p  ( ra th e r  bumpy) a re a s  resem bling  h i l l  fo rm atio n  along s id es  'be ' 
an d  'cd ' in  th e  in d e n ta tio n  a p p e a r  to  o ccu r on th e  s id es  w here <110> 
azim uths ru n  dow nw ards in to  th e  su rface . I t  is  a lso  no ted  th a t  th e  
bend ing  along s id e  'be ' o ccu rs  w here ±[110] d ire c te d  s lip  is  a lso  
fa v o u re d  a longw ith  th e  p rim ary  B urgers v e c to rs : ±a/2[Î01], ± a/2 [0 Ïl]
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and  ±a/2[110]. T his is  more p ro b ab le  in  reg io n s  4 and 5 o f th e  
in d e n ta tio n .
(ii) SPECIMEN 02.
The specim en u sed  was an n ea led  fo r  le s s  th a n  an h o u r. This ap p ea red  to  
b e  an in a d eq u a te  an n ea lin g  fo r  th is  specim en as  judged  from  th e  
ap p ea ran ce  o f th e  in d e n ta tio n  and  i t s  a sso c ia te d  s lip  tra c e  d is t r ib u t io n  
[fig . 4.3(a) and  (b)]. A sm all re s id u a l h a rd en in g  a sso c ia te d  w ith  
m echanical p o lish in g  has  p ro b ab ly  re s u lte d  in  w ell p ronounced  s lip  
t r a c e s  w hich h a s  th e re fo re  f a c i l i ta te d  th e  o b se rv a tio n  o f th e  su rfa c e  
s l ip  a round  th e  in d e n ta tio n . Fig. 4.3(a) show s a 100 gm in d e n ta tio n  
ty p ic a l of th is  o r ie n ta tio n  in  an  u n fa tig u ed  specim en w hile fig . 4.3(b) 
show s a n o th e r  100 gram s in d e n ta tio n  a f te r  fa tig u e  o f th is  specim en, 
se le c te d  m ainly to  id e n tify  th e  p rim ary  s lip  p lane , (111). F ig u res  
4.3(c) and (d) r e p re s e n t  re s p e c tiv e ly  th e  Thompsom g lide  te tra h e d ro n  
and  th e  d iv erg in g  tru n c a te d  pyram id a p p ro p ria te  to  th is  o r ie n ta tio n .
In  reg io n s  1 and 8 s lip  tr a c e s  on th e  prim ary  s lip  p lane  a p p ea r w ell 
p ronounced  and more fre q u e n t. These a re  b o rd e red  by few er b u t eq u a lly  
s ig n if ic a n t s lip  t ra c e s  on th e  c r i t ic a l  s lip  p lan e  (111), a longw ith  some 
c ro s s -s l ip  tr a c e s  from  th e  p rim ary  (111) to  th e  c ro s s -s lip  ( i l l )  p lan e  
and  v ice  v e rsa . Above and below  th e se  s lip  tra c e s  and in  reg io n s  2, 6 
and  7/8, s l ip  tra c e s  on th e  c ro s s -s lip  p lan e  ( i l l )  ap p ea r to  be 
p redom inan t. Region 7 a p p ea rs  m ostly  occupied  by s lip  t ra c e s  on th e  
c r i t ic a l  p lan e  (111) w ith  some a d d itio n a l s lip  tra c e s  on th e  co n ju g ate  
p la n e  (III). O ut o f th e  re g io n s  3, 4 and 5 some t ra c e s  of th e  p rim ary  
s lip  p lan e  a re  v is ib le  only  in  reg io n  4. The s lip  tra c e s  in  reg io n s  3 
and  4 a re  how ever le s s  e v id en t.
In sp ec tio n  o f th e  sh ap e  o f th e  in d e n ta tio n  shows th a t  n e a r th e  co rn e r
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'a ' a t  th e  s id e  'ad ', th e  edge o f th e  in d e n ta tio n  a p p ea rs  to  g ive way to  
th e  fo rm ation  of a shallow  d e p re ss io n  w ith  a rid g e  n e a rly  a t  i t s  c e n tre  
w hich  ap p ea rs  to  ex ten d  ra d ia l ly  o u tw ard s . An -a lm ost a im ila r -b u t le s s  - 
s ig n if ic a n t s i tu a tio n  can be seen  on i t s  o p p o s ite  s ide . Below th is  
d e p re ssed  reg ion  th e  edge 'ad ' o f th e  in d e n ta tio n  a p p ea rs  to  bu lge  o u t 
accom panied by c o n sid e rab le  s l ip  on th a t  side .
( ii i)  SPECIMENS OF ORIENTATION C3/U.
A b u lk  specim en of th is  o r ie n ta t io n  03 grown from  com m ercial p u r i ty  was 
u sed  fo r  in d e n ta tio n  and fa tig u e  b u t  w ill n o t be re p o r te d  here . In s te ad  
b u lk  specim ens o f h igh  p u r i ty  co p p er grown from  i t s  seed  w ere u sed  
m ostly  fo r  p re p a rin g  th in  s t r ip s  fo r  TEM in v e s tig a tio n s . Some o f th e se  
s t r ip s  w ere th e re fo re  u sed  fo r  b o th  an a ly s is  o f su rfa c e  s lip  tra c e  
d is t r ib u t io n  around  th e  in d e n ta tio n  as w ell as fo r  s tu d y  o f in te r io r  
d is lo c a tio n  m ic ro s tru c tu re  in tro d u c e d  by in d e n ta tio n s .
In fo rm a tio n  ab o u t th e  s lip  tra c e  d is tr ib u tio n  a ro u n d  in d e n ta tio n s  
ty p ic a l of th is  o r ie n ta tio n  is  o b ta in e d  from fig s . 4.4(a)-(d). F ig u re  
4.4(a) show s a 100 gm in d e n ta tio n  again  in  an in ad eq u a te ly  an n ea led  
specim en, fig  4.4(b) show s PSBs on th e  p rim ary  s lip  p lane  (111) in  a 
fa tig u e d  s t r ip  n e a r  a n o th e r  100 gm in d e n ta tio n . F ig u res . 4.4(c)-(d) show 
s l ip  lin e s  a round  100 gm in d e n ta tio n s  a t  low er m ag n ifica tio n s  in  s t r ip s  
fa tig u e d  fo r  a sm aller num ber o f cycles (100-500). I t  is  b e liev ed  th a t  
th e  s lip  lin e  c o n fig u ra tio n s  seen  in  fig . 4.4(c) and (d) co n ta in  a 
s ig n if ic a n t num ber o f th e se  lin e s  caused  by th e  in d e n ta tio n  in  th e  
u n fa tig u e d  specim ens. F ig u res  4.4(e) and (f) show re sp e c tiv e ly  th e  
Thom pson g lide  te tra h e d ro n  and  th e  d iverg ing  tru n c a te d  pyram id 
a p p ro p r ia te  to  th e se  specim ens. The s id es  o f th e  pyram id a re  as fo r  
o th e r  o r ie n ta tio n s  p a ra l le l  to  th e  s l ip  tra c e s  o f th e  ac tiv e  s lip  p lan es
36
as  judged  from  th e  s l ip  tra c e  d is t r ib u t io n  a round  in d e n ta tio n s  in  th e se  
f ig u re s .
From th e  in sp ec tio n  o f th e  sh a p e s  o f in d e n ta tio n s  in  th e se  f ig u re s , i t  
can  be seen  th a t  a p a r t  from  some d ep ressed  a re a s  a t  some edges l ik e  'ab ' 
an d  'ad ', th e  s id es  o f  th e  in d e n ta tio n s  a re  g en e ra lly  draw n in w ard s and 
th e re  ap p ea rs  to  be no s ig n if ic a n t bu lg ing  o u t a t  th e  edges.
The s lip  tra c e  c o n fig u ra tio n  c o n s is ts  m ainly o f fam ilies  of s lip  t ra c e s  
on th e  prim ary , c r i t ic a l  and  co n ju g ate  s lip  p la n es  (111), (111) and  
(111) re sp ec tiv e ly . In  reg io n s  1, 4, 5 and 8 s lip  tr a c e s  on th e  p rim ary  
s l ip  p lan e  ap p ear to  be dom inant. In reg ions 3, 4, 7 and 8, s lip  tra c e s  
on th e  con jugate  p lan e  (III) b o rd e re d  by s lip  tra c e s  on th e  c ro s s -s l ip  
p la n e  ( i l l ) ,  though  co m p ara tiv e ly  s h o r te r  in  le n g th s , ap p ea r g rouped  and 
w ell o rgan ised . In reg io n  8 how ever a few s lip  t ra c e s  on th e  c r i t ic a l  
p la n e  (111), th ough  confined  to  narrow  reg io n s , a p p ea r to  be w ell 
p ronounced . The s lip  tra c e  d is t r ib u t io n  in  some o f th e  reg io n s  l ik e  2, 
3, 3 and 4 ap p ea r to  be app ro x im ate ly  sym m etrical to  th o se  on th e  
o p p o s ite  s id es  o f th e  in d e n ta tio n s .
(iv) SPECIMEN C4.
T ypical in d e n ta tio n s  in  th e  an n ea led  specim en o f th is  o r ie n ta tio n  a re  
show n in  fig s . 4.5(a)-(d). F ig u re  4.5(a) re p re se n ts  a  100 gm in d e n ta tio n  
in  an u n fa tig u ed  specim en, fig . 4.5(b) shows PSBs n e a r  a n o th e r  100 gm 
in d e n ta tio n  a f te r  fa tig u e  b u t w ith  low er m agn ifica tion , fig . 4.5(c) a 
d if f e r e n t  100 gm in d e n ta tio n  a f t e r  fa tig u e  and fig . 4.5(d) show s a 30 gm 
in d e n ta tio n  and PSBs n e a r  i t .  F ig u res  4.5(e) and (f) show re sp e c tiv e ly  
th e  d iverg ing  tru n c a te d  pyram id and th e  Thompson g lid e  te tra h e d ro n  
a p p ro p r ia te  to  th is  specim en.
A lthough  th e  shape  o f th e  in d e n ta tio n  in  th e se  f ig u re s  ap p ea r g e n e ra lly
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ty p ic a l o f an an n ea led  specim en y e t some asym m etries com pared to  th e  
id e a l  p in -cu sh io n  sh aped  in d e n ta tio n  a re  p re se n t, p a r t ic u la r ly  on s id es  
'a d ' and 'be '.
In c id e n ta ly  as alw ays w ith  th e  annea led  specim ens, th e  s l ip  tra c e  
c o n fig u ra tio n  a ro u n d  th e  in d e n ta tio n  is  le s s  e v id en t. However, as 
m entioned  above, from  th e  l a t e r  s tag e  o f fa tig u e  cycling  and  known 
o r ie n ta tio n s , some s lip  tra c e  fam ilies  could  be id e n tif ie d . I t  ap p ea rs  
t h a t  th e  reg io n s  3 and  4 a re  dom inated by th e  s l ip  tra c e s  on th e  
p rim ary  s lip  p lan e  (111). R egions 1 and 2 a p p ea r to  be  occupied  m ostly  
by  tra c e s  on th e  c r i t ic a l  s lip  p la n e  (111).
T he s id es  'ad ' and 'be ' ap p ea r to  h av e  some narrow  re g io n s  draw n inw ards 
n e a r ly  a t  th e i r  c e n tre s  and  a p p e a r  to  be re la te d  to  th e  defo rm ation  
o ccu ring  a t  <110> azim uths a s  g u essed  from th e  geom etry  of th e  re la te d  
Thom pson te tra h e d ro n .
I t  is  a lso  no ted  th a t  a p p a re n tly  th e re  is  no bu lg ing  o u t of th e  edges of 
th e  in d e n ta tio n  a t  any p o in t.
(v) SPECIMEN C7.
F ig u res  4.6(a) and (b) show tw o in d e n ta tio n s  re p re s e n ta t iv e  o f th is  
o r ie n ta tio n . F igu re  4.6(a) r e p re s e n ts  a 100 gm in d e n ta tio n  in  an 
a n n ea led  b u t u n fa tig u e d  specim en w hile th a t  o f fig . 4.6(b) show s a n o th e r  
100 gm in d e n ta tio n  in  th e  same specim en w hich had  been  fa tig u e d  la te r  
on. F igure  4.6(c) show s th e  Thom pson g lide  te tra h e d ro n  em bedded in  th is  
o r ie n ta tio n  w ith  th e  g lid e  d ire c tio n s  in d ic a ted  and  fig . 4.6(d) show s an 
ro u g h  co n fig u ra tio n  o f th e  d iv e rg in g  tru n c a te d  pyram id  a p p ro p ria te  to  
th i s  o rie n ta tio n .
From th e  in sp ec tio n  o f th e  sh ap e  o f th e  in d e n ta tio n  in  fig  4.6(a), i t  
a p p e a rs  th a t  s id e s  'ab ', 'be ' and  'cd ' a re  s l ig h tly  d raw n inw ards b u t
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s id e  'ad ' is  p a r t ly  draw n in w ard s  and p a r t ly  o u tw ard s . A shallow  
d ep re ssed  reg ion  ap p ea rs  to  be ru n n in g  a c ro ss  s id e s  'be ' and 'ad ' in to  
th e  reg ions 1 and 5 o f th e  in d e n ta tio n .
The s lip  tra c e s  on th e  p rim ary  s lip  p lane  w hich a p p ea r dom inant and 
f re q u e n t in  reg io n s  1, 4, 5 and  8 a p p ea r to  be b o rd e re d  by s lip  tra c e s  
on th e  c ro s s -s lip  (111) and  c r i t ic a l  (111) p lan es . In th e  reg io n s  2 and 
3, some s lip  t ra c e s  on th e  c r i t ic a l  s lip  p lan e  a p p ea r to  be in
dom inance. In reg io n s  6 and  7, s l ip  tra c e s  on th e  c r i t ic a l  s lip  p lan e
a p p ea r to  be eq u ally  f r e q u e n t w ith  th e  in te rs p e r s e d  p rim ary  s lip  tra c e s .
S lip  tra c e s  in  th e se  reg io n s  a re  how ever le s s  p ron o u n ced  and th e re fo re  
a re  le ss  d is tin c t.
4:3. TRANSMISSION ELECTRON MICROSCOPE OBSERVATIONS.
(i) ORIENTATION U, SPECIMEN II , 100 gm INDENTATION.
F igu re  4.7 shows some TEM m icro g rap h s ta k en  u n d e r th e  same re f le c tio n  
co n d itio n  {beam d ire c tio n  = [O il] and g = [III]} from  d if fe re n t  reg io n s  
a ro u n d  an in d e n ta tio n . The a re a s  s tu d ie d  w ere a t  a  d ep th  o f ab o u t 15pm 
so  th a t  th e  d is lo c a tio n  s t r u c tu r e s  re v e a le d  from  th e se  f ig u re s  
co rre sp o n d s  m ostly  to  th e  n e a r  su rfa c e  reg io n s  o f th e  in d en ted  s id e  o f 
th e  specim en. The e x te n t o f th e se  reg io n s  was ap p ro x im ate ly  a t  a
d is ta n ce  of 0.5-0.8d from  th e  c e n tre  o f th e  in d e n ta tio n , w here 'd ' is  
th e  average  d iagonal le n g th  o f a  100 gm in d e n ta tio n  (s 70pm).
F ig u res  4.7(a) and (b) r e p re s e n t  reg io n  8 o f th e  in d e n ta tio n  w here
t r a in s  of long segm ented d is lo c a tio n s  g ive th e  im pression  o f tra c k s  
su b d iv id ed  by th e  e x tin c tio n  and  th ic k n e ss  co n to u rs . The d is lo c a tio n s  
w hich have p redom inan tly  a  screw  c h a ra c te r  w ith  ±a/2 [ l o l ]  as  one o f j
th e i r  B urgers v e c to rs  l ie  m ostly  on th e  c r i t ic a l  s lip  p lan e  (111). j
IF ig u re  4.7(c) shows a change in  th e  d ire c tio n  o f th e  tra c k  a longw ith  I
59
t h a t  o f i t s  d is lo c a tio n s  when com pared to  th o s e  in  fig s . 4.7(a) and  (b) 
as  one moves from  reg io n  8 to  th e  [110] azim uth  (i.e., th e  bou n d ary  
reg io n  1/8). The long  segm ented  and  lo o se ly  ta n g le d  d is lo c a tio n s  seen  in  
th is  f ig u re  a p p e a r  to  be screw  dom inated  w ith  ±a/2 [O il] a s  one o f th e i r  
m ost f re q u e n tly  fo u n d  B urgers v e c to rs  ly ing  on th e  co n ju g ate  p lan e  
(ÏÏ1). A w eak (le ss  dense) long  w all ty p e  b a r r ie r  ru n n in g  ap p rox im ate ly  
p a ra lle l  to  th e  ±[101] d ire c tio n  can a lso  be seen  n e a r  'p ' in  fig . 
4.7(c). T his w all a p p ea rs  to  be re la te d  to  an e lo n g a ted  ce ll s tru c tu re . 
A no ther su ch  tw is t  in  th e  t r a c k  a longw ith  a change in  th e  d ire c tio n  of 
th e  ac tiv e  d is lo c a tio n s  can be seen  in  fig . 4.7(d) w here  [1Ï0] d ire c te d  
screw  ty p e  d is lo c a tio n s  a p p ea r to  l ie  on th e  p rim ary  p lan e  (111).
F igu re  4.7(e) a p p e a rs  to  be dom inated  by d is lo c a tio n  d e b ris  in c lu d in g  
a p p a ren tly  some o f edge com ponent in  reg io n  1 o f th e  in d e n ta tio n . 
F ig u res  4.7(f) and (g) show some fe a tu re s  o f re g io n  2 n e a r  th e  [ÏÏO] 
azim uth. The long  dense  w all in  fig . 4.7(f) ru n s  ap p ro x im ate ly  p a ra l le l  
to  th e  ± [100] w hich is  su rro u n d e d  by alm ost em pty m iso rien ted  reg io n s . 
A s im ila r b u t le s s  d ense  b o u n d ary  w hich a p p ea rs  ap p ro x im ate ly  p a ra l le l  
to  ±[011] {or p o ss ib ly  ±[010]} d ire c tio n , ag a in  su rro u n d e d  by ®he 
m iso rien ted  re g io n s  can  a lso  be seen  in  fig . 4.7(g). Some su rfa c e  s lip  
tra c e s  on th e  c r i t ic a l  (111) o r th e  c ro s s -s l ip  p la n e  (111), p ro b ab ly  
le f t  by th e  escap in g  d is lo c a tio n s  u n d e r th e  im pact o f  th e  e le c tro n  beam 
in  th e  m icroscope a re  a lso  v is ib le  in  th e  back g ro u n d  o f th e  c le a r  reg io n  
on th e  r ig h t  o f th e  bo u n d ary  in  th i s  fig u re .
F igure. 4.8 a lso  show s some ty p ic a l m icrographs o f th e  same specim en 
(II), from  th e  d if f e r e n t  reg io n s . F igu re  4.8(a) show s a  w all ty p e  
d is lo c a tio n  s t r u c tu r e  in  reg io n  common to  4 and  5 o f th e  in d e n ta tio n  in  
th e  sense  th a t  c o n tra s t  a c ro ss  th e se  w alls does n o t change in  d if fe re n t  
re f le c tio n s . The w alls  in v o lv e  more th a n  one s lip  system  from  w hich th e
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p rim ary  system  (111)[Ï01] is  p red o m in an t. The w all segm ents a re  ro u g h ly  
norm al to  th e  [Î10] o r [Ï01] d ire c tio n s  ly ing  on th e  p rim ary  (111), 
[101], on t h e  c r i t ic a l  (111) an d  [O il] on th e  con jugate  (III) s l ip  
p lan es . F igure  4.8(b) is  from  re g io n  5 c lose  to  th e  d iagonal reg io n  5/6 
and  show s some long  screw  d o m inated  d is lo c a tio n s  hav ing  ±a/2 [Î01] as  
th e i r  f re q u e n tly  fo und  B urgers  v e c to r  a p p a re n tly  in te ra c tin g  w ith  an  
a d d itio n a l s e t  o f d is lo c a tio n s  w ith  p red o m in an tly  th e  B urgers v e c to r , 
±a/2 [101]. A s im ila r c o n f ig u ra tio n  o f d is lo c a tio n s  is  shown in  fig . 
4.8(c) w hich is  from  th e  same re g io n  as th a t  o f fig . 4.8(b) b u t u n d e r a 
d if f e r e n t  s e tt in g  and w ith  a lo w er m ag n ifica tion .
F ig u re  4.8(d) show s a c e ll ty p e  s t r u c tu r e  in  re g io n  3, w here th e  dense  
w all a t  *A' ap p ea rs  to  be ap p ro x im a te ly  p a ra l le l  to  th e  ±[110] d ire c tio n  
{beam d ire c tio n  = [010], g = [200]}. The d is lo c a tio n  loops w ith  tw o 
m u tu a lly  p e rp e n d ic u la r  B urgers v e c to rs , ±a/2 [101] and  ±a/2 [10Ï] a p p ea r 
to  be tan g led  to g e th e r  in  some p a r ts  o f th is  f ig u re . Some reg io n s  a lm ost 
c le a r  o f d is lo c a tio n s  can a lso  be seen .
F ig u re  4.8(e) is  from  reg io n  6 n e a r  th e  d iag o n al reg io n  5/6 and show s a 
n e tw o rk  o f loo sely  tan g led  d is lo c a tio n s  w ith  some d a rk  reg ions w hich may 
be due to  s t r a in  c o n tra s t  in d ic a tin g  th e  p re sen ce  o f  in te rn a l re s id u a l 
s t r e s s e s  caused  by th e  in d e n ta tio n  The reg io n s  en c lo sed  by th e se  ta n g le d  
d is lo c a tio n s  how ever look  a lm ost em pty o f d is lo c a tio n s . The B urgers 
v e c to rs  found  in  th is  reg io n  a re : ±a/2 [Ï10] o r  ±a/2 [Ï01] belonging  to  
th e  p rim ary  (111) and  ±a/2 [O il] to  th e  co n ju g ate  (III) s lip  p lanes.
(ii) ORIENTATION U, SPECIMEN 12, 100 gm INDENTATION.
T his specim en a lso  had  a 100 gm in d e n ta tio n  w hich was p o lish ed  away 
leav in g  a b ig ho le  o f n e a rly  th re e  tim es th e  size  o f th e  in d e n ta tio n . 
The a re a s  ex p lo red  ex ten d ed  n e a r ly  l-2 d  from  th e  cen tre  o f th e
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in d e n ta tio n , w ith  an ap p ro x im a te  d e p th  o f 20- 25fim from  th e  in d e n te d  
s id e  o f th e  specim en.
A few ty p ic a l e le c tro n  m ic ro g ra p h s  ta k e n  from  som e o f th e  re g io n s  o f  th e  - ■ 
in d e n ta tio n  a re  show n in  fig . 4.9. F igu re  4.9(a) is  from  th e  b o u n d ary  
reg io n  4/5 and  show s a  w all ty p e  d is lo c a tio n  s t ru c tu re ,  resem b lin g  to  
some e x te n t, th e  la d d e r  s t r u c tu r e  o f PSBs found  in  a fa tig u e d  specim en 
w ith  an app ro x im ate  w all sp ac in g  o f s  1.4pm. These w a lls  a p p e a r  to  lie  
ro u g h ly  norm al to  th e  p rim ary  s lip  d ire c tio n  ±[110] o r  ±[101]. The 
ch an n e ls  o f th e  w alls  a p p e a r  to  have  co m p ara tiv e ly  low d is lo c a tio n  
d en sity .
F igu re  4.9(b) show s th in ly  p o p u la te d  c lu s te rs  o f d is lo c a tio n  lo o p s  from  
th e  bou n d ary  reg io n  3/4 m ost p ro b ab ly , in  a  d ip o la r  c o n f ig u ra tio n  b u t 
w ith  co m parative ly  low d is lo c a tio n  d en sity . One o f th e  B urgers  v e c to r  
fo u n d  in  th is  reg io n  is : ±a/2 [Ï10] o r ±a/2 [Ï01]. F ig u res  4.9(c) and 
(e) show a  c e ll ty p e  d is lo c a tio n  s t ru c tu re  in  reg io n  3. T hese f ig u re s  
a re  from  n earb y  re g io n s  show n in  th e  d if f e r e n t  re f le c tio n s . The 
co m parative ly  long  and  d en se  w a lls  in  th e se  f ig u re s  a p p ea r ro u g h ly  
p a ra lle l  to  ±[110] w hile  th e  o th e r  le s s  dense w alls  a re  ro u g h ly  p a ra l le l  
to  ±[011] and  ±[110] s l ip  d ire c t io n s  and a p p ea r to  be a s so c ia te d  w ith  a 
c e ll  type  d is lo c a tio n  s t r u c tu r e .  F igu re  4.9(d) is  from  th e  d iag o n a l 
reg io n  7/8 o f th e  in d e n ta t io n  and  show s a d is lo c a tio n  c o n te n t o f long  
screw  ty p e  d is lo c a tio n s  p red o m in an tly  o f s in g le  s l ip  ly ing  on th e  
co n ju g ate  s l ip  p lan e  (111). The m ost f re q u e n tly  found  B urgers v e c to r  o f 
th e s e  d is lo c a tio n s  is  ±a/2 [O il]. Some segm ents o f d is lo c a tio n s  
u ndergo ing  c ro s s -s l ip  can  a lso  be seen  in  some reg io n s  o f th i s  f ig u re  
su ch  as th o se  a t  reg io n  'p '. The d efo rm atio n  band  a t  'q ’ a p p ea rs  to  be 
form ed d u rin g  an n ea lin g  m ost p ro b ab ly  due to  th e  p re sen ce  o f im p u r itie s  
d iffu se d  in to  th e  specim en and  sh o u ld  n o t be co n fu sed  w ith  o th e r
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f e a tu re s  o f in te re s t .  F ig u re  4.9(f) show s a mixed c e ll-w a ll s t ru c tu re  of 
d is lo c a tio n s  in  th e  d iag o n a l re g io n  1/2 o f th e  in d e n ta tio n . The 
w a ll- lik e  g ro u p s o f d is lo c a tio n s  a llig n ed  in  d if f e r e n t  d ire c tio n s  seem 
to  in v o lv e  d if fe re n t  s l ip  sy stem s w hich in c lu d e  th e  p rim ary  (111)[101] 
and  th e  co n ju g ate  (ïïl)[0 1 1 ] s l ip  system s and a p p ea r q u ite  re g u la r  w ith  
a lm ost c le a r  ch an n e ls  be tw een  them .
(iii)  ORIENTATION U, SPECIMEN 13, 100 gm INDENTATION.
T his specim en was p o lish e d  to  an approx im ate  d e p th  o f n ea rly  25-30#zm 
from  i t s  in d en ted  s id e . F ig u re  4.10 show s some ty p ic a l m icrographs from  
some reg io n s  a ro u n d  th e  in d e n ta tio n . F igure  4.10(a) is  from  reg io n  3 and 
a p p ea rs  to  be s im ila r in  a p p ea ra n ce  to  th a t  in  fig . 4.7(g). The two 
m iso rien ted  reg io n s  a p p e a r  to  be s e p a ra te d  by a  bo u n d ary  w hich is  
ro u g h ly  p a ra lle l  to  ±[101], a p p a re n tly  ly ing  p a ra l le l  to  th e  t ra c e s  of 
th e  c ro s s -s lip  p lan e  ( i l l ) .  A few  screw  type  d is lo c a tio n s  a re  seen  
u ndergo ing  c ro s s -s lip  from  th e  p rim ary  (111) to  th e  c ro s s -s lip  (111) 
p lan e  and  v ice  v e rsa . Some tr a c e s  o f th e  p rim ary  an d /o r th e  c ro s s -s lip  
p lan es  in  th e  background  can  a lso  be seen  in  th e  c le a r  reg io n s  o f th is  
f ig u re . One o f th e  B urgers  v e c to rs  found  fre q u e n tly  in  th is  reg ion  is: 
±a/2 [1Ï0] o r  ±a/2 [O il]. F ig u re  4.10(b) is  from th e  d iag o n al reg io n  
3/4 and show s a m ixed c e ll-w a ll ty p e  d is lo c a tio n  s t ru c tu re .  Some o f th e  
w a ll- lik e  dense  b u n d les  o f d is lo c a tio n s  lie  ro u g h ly  norm al to  th e  ±[110] 
d ire c tio n  belonging  to  th e  p rim ary  (111) o r th e  co n ju g a te  (ÏÏ1) s lip  
p lan esw h ile  th e  o th e rs  a p p e a r  to  l ie  rough ly  norm al to  th e  ±[110] 
d ire c tio n  belonging  to  th e  c r i t ic a l  (111) s lip  p lan e . The ce ll ty p e  
d is lo c a tio n  s t ru c tu re  c o n s is ts  m ostly  of (s lig h tly ) m iso rien ted  ce lls  
h av in g  w alls  ap p ro x im ate ly  p a ra l le l  to  <110> type  d ire c tio n s .
F ig u res  4.10(c) and (d) r e p re s e n t  a  (132) o r ie n ta tio n  o f th e  specim en
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from  th e  boundary  re g io n  1/8 w here  some re g u la r  w a ll- lik e  d is lo c a tio n  
s t r u c tu r e  accom panied by screw  ty p e  long d is lo c a tio n s  can be seen . These 
w a lls  ap p ea r to  in v o lv e  th e  c o n ju g a te  o r th e  p rim ary  s lip  system , ly ing  
ro u g h ly  norm al to  ± [110]. The B urgers  v ec to rs  found  f re q u e n tly  in  th is  
reg io n  a re  ±a/2 [O il] and  ±a/2 [Î10]. The ch annels  be tw een  th e se  w alls  
a p p ea r to  co n ta in  some d is lo c a tio n  d eb ris  and some long  in te rs p e r s e d  
d is lo c a tio n s . A few  segm en ts  o f th e  long d is lo c a tio n s  u n d erg o in g  
c ro s s -s l ip  can a lso  be seen  in  fig . 4.10(c).
(iv) ORIENTATION U, SPECIMEN 14, 100 gm. INDENTATION.
Two specim ens w ere p re p a re d  to  e stim ate  th e  e x te n t o f in d e n ta tio n  
in d u ced  defo rm ation . The in d e n ta t io n s  w ere made n e a r  th e  edges o f th e  
d isc s  and p e r fo ra tio n s  w ere made n e a r  th e ir  c en tre s . A few m icrog raphs 
from  only  one specim en 14 h av e  b een  se lec ted  to  show th is  e ffe c t and 
th e se  a re  given in  fig . 4.11. T hese f ig u re s  co rre sp o n d  to  th e  d iag o n al 
reg io n  7/8 w hich w ere a t  a  d is ta n c e  o f n early  5 to  6d from  th e  c e n tre  o f 
th e  in d e n ta tio n .
F ig u res  4.11(a) and  (b) in d ic a te  th e  fo rm ation  o f sm all clum ps of 
d is lo c a tio n s  on s lip  p la n e s  w hose tra c e s  a re  seen  in  th e  b ackg round  o f 
th e se  f ig u re s  and in v o lv e  m ostly  th e  s lip  system s o f th e  p rim ary  (111) 
and  th e  c r i t ic a l  (111) s l ip  p la n e s . The an a ly sis  h a s  show n th e  p re sen ce  
o f th e  B urgers v e c to rs , ±a/2 [IlO ] and  ±a/2 [101] o r  ±a/2 [110] in  th e se  
clum ps.
F ig u re  4.11(c) show s some long  screw  type  d is lo c a tio n s  p red o m in an tly  
w ith  a  s in g le  B u rgers  v e c to r : ±a/2 [ o l l ]  o r ±a/2 [ l o i ] ,  ly ing  m ost 
p ro b ab ly  on th e  p rim ary  s l ip  p la n e  (111). F igu re  4.11(d) o f a  h ig h e r 
m agn ifica tion  is  from  a p a r t  o f  fig . 4.11(c). The o v e ra ll d is lo c a tio n  
s t ru c tu re  seen  in  th e s e  f ig u re s  how ever, as expec ted , seem s to  be th a t
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th e y  show much sm a lle r  d is lo c a tio n  d e n s it ie s  in  th e se  (rem ote) reg io n s  
a s  com pared to  th o s e  n e a r  th e  in d e n ta tio n .
(v) ORIENTATION U, SPECIMENS 15, 16, 30 gm INDENTATIONS.
In  specim en 15 on ly  tw o re g io n s , 4 and 5/6, w ere s u ita b le  fo r  s tu d ie s . 
F ig u res  4.12(a) and  (c) a re  from  reg io n  4 and show th e  p re sen ce  o f some 
th in ly  p o p u la te d  an d  lo o se ly  packed  d is lo c a tio n  lo o p s p ro b ab ly  in  a 
d ip o la r  co n fig u ra tio n . F ig u re  4.12(b) re p re se n ts  th e  d iag o n al reg io n  3/4 
and  show s th e  p re se n c e  o f a t  le a s t  two d if f e r e n t  s e ts  o f d is lo c a tio n s , 
w ith  one s e t  a p p a re n tly  p red o m in an t over th e  o th e r . The d is lo c a tio n s  
w hich a re  co m p aratv e ly  long  segm ented  have p red o m in an tly  th e  tw o m tually  
p e rp e n d ic u la r  B urgers  v e c to rs , ±a/2 [Ï10] and ±a/2 [110] w hich a p p ea r to  
form  a lo o se ly  ta n g le d  d is lo c a tio n  s tru c tu re  seen  d is t in c t ly  a c ro ss  an 
e x tin c tio n  o r th ic k n e s s  c o n to u r . Some segm ents o f th e  d is lo c a tio n s  
undergo ing  c ro s s -s l ip ,  th o u g h  le s s  fre q u e n t can  a lso  be seen  in  some 
p a r t s  o f th is  f ig u re , e.g. a t  'p '. have  been fo u n d  in  th is  reg ion .
In specim en 16, th e  re g io n s  5 and  6 had good a re a s  w hich w ere a t  a 
d is ta n c e  o f n e a r ly  0.5-1.5d from  th e  cen tre  o f th e  in d e n ta tio n  ('d ' is  
th e  av erage  d iag o n a l le n g th  o f th e  in d e n ta tio n  w hich fo r  a  30 gm load 
w as s  40jLim). F ig u res  4.12(d)-(f) show some se le c te d  m icrog raphs from 
th e se  reg io n s . F ig u re  4.12(d) is  from  (0Ï0) o r ie n ta t io n  o f th e  specim en 
w hile  fig s . 4.12(e) and  (f) a re  from  an (Oil) o r ie n ta tio n . In a l l  th e se  
f ig u re s  some co m p ara tiv e ly  long  and p redom inan tly  o f th e  screw  type 
d is lo c a tio n s  a p p ea r to  in te r a c t  w ith  one a n o th e r  to  form  a ty p e  o f 
ta n g le d  netw ork . The m ost f r e q u e n tly  found  B ergers v e c to rs  a re , ±a/2 
[10Ï] o r  ±a/2 [Ï10] and  ±a/2 [101] o r ±a/2 [110]. Some d is lo c a tio n  
d e b ris  can a lso  be see n  in  th e s e  f ig u res , p a r t ic u la r ly  in  th e i r  c lea r 
reg io n s .
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(vi) ORIENTATION E, SPECIMEN 17, 30 gm INDENTATION.
F ig u re  4.13 show s some ty p ic a l m icrographs from  some good a re a s  a round  
th e  ho le- o f th e  d isc , form ed a t  th e  s i te  o f th e  in d e n ta tio n . F ig u re  
4.13(a) is  from  th e  b o u n d a ry  reg io n  1/8 and show s a few  loosely  tan g led  
screw  dom inated  d is lo c a tio n s . The in te ra c tin g  d is lo c a tio n s  a p p ea r more 
o r  le s s  cu rved  and  ta n g le d  and  a re  p redom inan tly  screw s. In fig . 4.15(b) 
ta n g le s  o f d is lo c a tio n s  in v o lv e  p ro b ab ly  more th a n  tw o B urgers v e c to rs  
a p p e a r  to  form  d e n sly  p ack ed  c lu s te r s  o f d is lo c a tio n s . F ig u res  
4.13(c)-(e) a p p e a r  to  be s in g le  s lip  dom inated d is lo c a tio n  s t ru c tu re s  in  
th e  reg io n s  1/8 and 3 re sp e c tiv e ly . The screw  ty p e  e lo n g a ted  segm ents of 
d is lo c a tio n s  in  th e se  f ig u re s  have  th e  B urgers v e c to rs , ±a/2 [011] and 
±a/2 [IlO] o r ±a/2 [lO l]. [M icrograph in  Fig 4.13(e) o f a low er 
m ag n ifica tio n  is  from  re g io n  3 o f th e  in d e n ta tio n ] . M icrograph in  Fig 
4.13(f) is  from  reg io n  7 and  show s to  some e x te n t, a  crow ding o f lo o sely  
ta n g le d  long segm ented  screw  ty p e  d is lo c a tio n s  o f p redom inan tly  o f th e  
p rim ary  B urgers v e c to rs : ±a/2 [lO l], ±a/2 [O il] and ±a/2 [110J.
F ig u re  4.14(a) is  a  m ic ro g rap h  from  th e  d iagonal reg io n  2/3 and show s a 
re g u la r  p a t te rn  form ed by a lm ost s in g le  s lip  dom inated  long segm ented 
screw  ty p e  d is lo c a tio n s  a p p a re n tly  th ro u g h  c ro s s -s l ip  from  th e  p rim ary  
to  th e  c ro s s -s l ip  p la n e  a t  some w ell o rg an ised  su b -b o u n d a rie s . This 
c o n fig u ra tio n  o f d is lo c a tio n s  g ives th e  ap p ea ran ce  o f p a ra lle l la d d e rs  
w hich happen  to  be a rra n g e d  to g e th e r . The B urgers v e c to r  found  m ost 
f re q u e n tly  in  th is  ty p e  o f n e tw o rk  o f th e  ta n g le d  d is lo ca tio n  is , ±a/2 
[Î01] o r  ±a/2 [IlO ]. F ig u re  4.14(b) show s th e  d is lo c a tio n  s tru c tu re  from  
th e  b o undary  re g io n  4/5 o f th e  in d e n ta tio n  ag a in  dom inated by 
d is lo c a tio n s  w ith  th e  p rim ary  B urgers v e c to r , ±a/2 [Id ]. F ig u res
4.14(c) and  (d) show  th e  ty p ic a l d is lo c a tio n  s t ru c tu re s  from (Oil) 
o r ie n ta tio n  o f th e  specim en from  reg ion  7 w here much c ro s s -s lip  from  th e
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p rim ary  (111) to  th e  c r i t ic a l  (111) o r th e  c ro s s -s l ip  p lane  ( i l l )  is  
a p p a re n t. F ig u re  4.14(d) is  a h ig h e r  m agn ifica tion  m icrograph  o f p a r t  
*p' o f fig . 4.14(c). The B urgers v e c to rs  found  in  th i s  reg ion  a re  ±a/2 
[lO l] and  ±a/2 [101].
4.4. OUTLINE OF THE MODEL USED FOR THE PYRAMID INDENTATION.
The model o f  D yer (1965), th o u g h  developed  fo r  th e  (001) o r ie n ta tio n  and 
fo r  a  b a ll  in d e n ta tio n , h a s  been  ex tended  to  o th e r  o r ie n ta tio n s  and  fo r  
pyram id  sh ap e d  in d e n ta tio n s .
The g en e ra l p ro c e d u re  ad o p ted  is  e s s e n tia lly  th e  sam e as th a t  o f th e  
o r ig in a l m odel w here, keep ing  th e  shape of th e  in d e n to r  in  view , a 
q u a li ta t iv e  p ic tu re  o f th e  s t r e s s  f ie ld  g e n e ra te d  by th e  in d e n to r  
p re s s in g  on an  is o tro p ic  m a te ria l h as  been co n s id e re d  and is  shown 
sch em a tica lly  in  fig . 4.15, b ea rin g  in  mind th e  fo llow ing  po in ts :
1. S tre s s  d is t r ib u t io n  is  sym m etrical in  th e  fo u r  e q u iv a len t reg io n s  
l ik e  p i ,  p2, e tc . a ro u n d  th e  in d e n to r.
2. S tre s s  d is t r ib u t io n  d e fin ed  by th e  app lied  fo rc e  v e c to rs  o r ig in a te s  
norm ally  w ell w ith in  th e  edges o r  b o u n d arie s  of th e  p lan e  s id es  o f th e  
in d e n to r . T h is rem ains fa ir ly  uniform  w ith in  a  d is tan ce  w hich is  
ap p ro x im a te ly  e q u a l to  th e  av erag e  d iagonal le n g th  o f th e  in d e n ta tio n  
(d) o r even  m ore from  th e  c o n ta c t a rea  of th e  in d e n ta tio n . T his is  
b ecau se  to  th i s  e x te n t , s lip  t ra c e s  around  th e  in d e n ta tio n s  have  been  
f re q u e n tly  o b se rv ed  on th e  su rfa c e  of th e  specim en and th e se  a re  
u ltim a te ly  r e la te d  to  th e  lo ad  o f th e  in d e n ta tio n  used . This v iew  is  
a lso  su p p o r te d  by th e  f in d in g s  of White (1984) w here  th e  e x te n t o f th e  
d iv e rg in g  tru n c a te d  pyram ids h a s  been re p o r te d  to  be  o f th e  o rd e r  of 
*d'. I t  is  f u r th e r  assum ed th a t  th e  d is lo c a tio n s  hav ing  th e i r  g lid e  
d ire c tio n s  p a ra l le l  to  th e  s tream lin es  a re  th e  ones which a re  m ost
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h ig h ly  s tre s s e d .
3. A t o r  n e a r  th e  edges o f th e  p lan e  s id e s  o f th e  in d en to r, th e  s t r e s s  
s tre am lin e s  d e v ia te  from  th e  main s tream  and  may be w idely d is tr ib u te d , 
g iv in g  w ider s t r e s s  c o n ce n tra tio n  co n to u rs . To some e x te n t th is  id e a  is  
fa v o u re d  by th e  P e r ro tt  Model (1977), [rev iew ed  in  c h a p te r  2] w here i t  
h a s  been  su g g es ted  th a t  in  th e  n e a r  su rfa c e  reg io n s  of th e  p la s t ic  zone 
a d ja c e n t to  th e  in d e n to r, th e  ra d ia l  s t r e s s  com ponent undergoes a  change 
o f  s ign  (from te n s i le  to  com pressive) a t  a  d e c lin a tio n  of = 13 degrees.
4. S u rface  low ering  u n d e r th e  in d e n ta tio n  ta k e s  p lace  on th e  d iverg ing  
py ram id a l p lan es  along  th e  d iv e rg in g  <110> s lip  d ire c tio n s , r e la t iv e  to  
th e  in d e n te d  s id e  o f th e  specim en.
5. To accom m odate th e  volum e o f th e  in d e n to r , m a te ria l flow s o u tw ard s  on 
tru n c a te d  pyram ids th a t  converge in to  th e  m a te ria l [th ro u g h  s lip  along 
th e  converg ing  <110> ty p e  d ire c tio n s ] .
6. T here  is  an  a p p a re n t e la s t ic  reco v ery  of th e  re s id u a l s tre s s e s  w ith  
th e  p la s t ic  com ponent be ing  re ta in e d  d u rin g  un load ing  o f th e  
in d e n ta tio n . T his view  is  su p p o rte d  by th e  f a c t  th a t  th e  shape  o f th e  
in d e n ta tio n  in  w ell an nea led  specim ens d e v ia te s  from  th e  o rig in a l sq u a re  
b a sed  pyram id sh ap e  expec ted  from  th e  in d e n to r.
7. F orm ation  o f th e  h a rd  o r  s o f t  reg io n s  (reg ard in g  th e  g lide  of 
d is lo c a tio n s )  a ro u n d  an in d e n ta tio n  depends m ostly  on d is lo c a tio n  
in te ra c t io n s  p ro p o sed  by Dyer (1965) and  H irth  (1961).
8. Change o f o r ie n ta tio n  from  (001) r e s u l ts  in  th e  ro ta tio n  o r  t i l t  o f 
th e  sp ec im en -o rien ted  Thompson g lid e  te tra h e d ro n  and does n o t o v e r-ru le  
th e  concep t o f  th e  d iv erg in g  an d /o r th e  converg ing  pyram ids fo r  su rfa ce  
low ering  o r i t s  u p th ru s t .
U sing th e se  id e a s  and assu m p tio n s th o u g h  i t  may n o t be p o ssib le  to  
u n d e rs ta n d  th e  t ru e  n a tu re  o f th e  s t r e s s e s  b u t  i t  may be p o ss ib le  to
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fo rw ard  some s o r t  o f e x p la n a tio n  of th e  r e s u l ts  o b ta in ed .
4:5. DISCUSSION.
4:5:1. INTRODUCTION.
The r e s u l ts  o b ta in ed  from  su rfa c e  as w ell TEM o b se rv a tio n s  o f only  tw o 
o r ie n ta t io n s  U and  E w ill be  d iscu ssed , f i r s t ly  from  th e o re t ic a l  
c o n s id e ra tio n s  b ased  upon th e  su rfa c e  o b se rv a tio n s  u sin g  th e  m odified  
D yer model o u tlin e d  in  se c tio n  4:4 and secondly  on th e  b a s is  o f th e  TEM 
o b se rv a tio n s . While d iscu ss in g  th e  r e s u l ts ,  th e  d is lo c a tio n  in te ra c t io n s  
w ill be d esc rib ed  acco rd ing  to  th e  num bering system  o f H irth  (1961). 
S ince th e  n o ta tio n  u sed  to  id e n tify  th e  s lip  p lan es  w hile d esc rib in g  th e  
r e s u l t s  is  d if f e re n t  from  th e  H irth  system , b o th  n o ta tio n s  w ill be 
c a r r ie d  along  s id e  by s id e , w h erev e r necessa ry , to  avo id  confusion . The 
te rm  's h o r t  range  re a c tio n s ' w ill be u sed  in  th e  same sen se  as u sed  by 
H irth . I t  w ill f u r th e r  be assum ed w ith o u t ju s tif ic a tio n  th a t  m ost o f th e  
in te ra c t in g  d is lo c a tio n s  a re  o f screw  type. This s im p lifie s  th e  an a ly s is  
o f th e  in te ra c t io n s  o f d is lo c a tio n s  s in ce  c ro s s -s lip  is  th e n  p o ssib le . 
F ig u re  4.16(a) show s a geom etric  re la t io n  betw een th e  ap p lied  s tre s s e s  
and th e  re so lv ed  s h e a r  s t r e s s e s  on a p a r t ic u la r  s lip  system  and 
fo llow ing  H irth , fig . 4.16(b) show s l /8 th  of th e  u n it  ce ll o f th e  f.c .c 
s t r u c tu r e  w ith  la t t ic e  p a ra m e te r 'a ' and fig . 4.16(c) re p re se n ts  th e  
Thom pson g lid e  te tra h e d ro n  opened a t  th e  p o in t 'D' o f th e  u n it  ce ll [in  
fig . 4.16(b)] in to  a  two d im ensional form  w ith  th e  g lide  p lan es  and 
d ire c tio n s  in d ic a ted .
A ssum ing th a t  th e  flow  s t r e s s  d is t r ib u t io n  around  th e  in d e n ta tio n  is  o f 
th e  form  g iven  in  fig . 4.16, th e  d is lo c a tio n  in te ra c t io n s  o f d if f e re n t 
type  I  and  type  II p la n es  In th e  d if f e r e n t  reg io n s  of th e  in d e n ta tio n  
w ill be  d iscu ssed  in d iv id u a lly  in  p a irs  o f reg io n s , (1, 8), (2, )3, (4,
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5) an d  (6, 7). This ty p e  o f d isc u ss io n  w ill how ever be based  on th e  
'p ro b a b il i t ie s  o f in te ra c t io n s ' o f th e  d is lo c a tio n s  g lid in g  u n d e r th e  
e f fe c t  of th e  assum ed s tre s s e s . The w ords 'in te ra c t io n ' and 're a c tio n ' 
w ill be u sed  synonym ously th ro u g o u t th e  d iscu ss io n . In some cases, th e re  
may be more th a n  one d iv e rg in g  o r  converging  p lan e  in  a reg ion , b u t only 
th o s e  p lan es  w ill be p re fe re d  w hich ap p ea r more l ik e ly  to  be d iverg ing  
o r  converg ing  p la n es  r e la t iv e  to  th e  s t r e s s  s tream lin es  (only 
q u a lita tiv e ly ) . A g lid in g  d is lo c a tio n  escap ing  from  th e  su rfa ce  re s u l ts  
in  th e  fo rm atio n  o f a  s lip  s tep . To accoun t fo r  th e  o b serv ed  s lip  tra c e s  
on th e  su rfa c e  a ro u n d  an in d e n ta tio n , i t  is  b e liev ed  th a t  sev e ra l t r a in s  
o f h u n d re d s  o f d is lo c a tio n s  a re  re q u ire d  to  escap e  from  th e  su rface . 
T his in  tu rn  n e c e s s ita te s  th e  p ro c e ss  of n u c léa tio n  so u rc es  in s id e  th e  
m a te ria l. The s tre s s e s  re s u lt in g  from  th e  ap p lied  lo a d s  o f in d e n ta tio n s  
a re  s u f f ic ie n t  to  c re a te  such  n u c lé a tio n  s ite s  w hich may be form ed by 
th e  p in n in g  o f g lid in g  d is lo c a tio n s . These a c t as  F rank-R ead  so u rces , 
g e n e ra tin g  d is lo c a tio n  loops o r  segm ents w hich a re  o f p a r tly  edge and 
p a r t ly  screw  type  and w hich may v a ry  in  size depend ing  upon th e  size  of 
th e i r  so u rces . I t  may be p o ss ib le  th a t  if , u n o b s tru c te d  o r fac in g  
minimum re s is ta n c e  to  g lide , th e  d is lo c a tio n s  w ould escape  from  th e  
s u rfa c e  u n d e r th e  ap p lied  s t r e s s e s ,  re su ltin g  in  a  s lip  tra c e  on th e  
su rfa c e  and a tra c k  b eh in d  them  carry in g  u nescaped  d is lo c a tio n  loops. 
In f.c .c . m a te ria l l ik e  copper, th e  d is lo ca tio n  loops w hich can g lid e  on 
th e  d if fe re n t {111} s lip  p la n e s  along th e  d if f e r e n t  <110> s lip  
d ire c tio n s  can  in te ra c t  w ith  one a n o th e r  to  form  b a r r ie r s  o r to  d iv e r t  
s lip  on to  th e  o th e r  s lip  system s. The d is lo c a tio n  p a t te rn s  form ed by 
su ch  in te ra c tio n s  m ight r e s u l t  in  an  a n iso tro p ic  flow  o f th e  m a te ria l 
a ro u n d  th e  in d e n ta tio n s . The d is lo c a tio n  s t ru c tu re s  around  th e  
in d e n ta tio n s  re v e a le d  by th e  TEM s tu d y  ap p ear to  s u p p o r t  th e se  id eas .
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4:5:2. DISCUSSION: A THEORETICAL CONSIDERATION.
(i) ORIENTATION U.
REGIONS 1, 8.
R efe rrin g  to  fig s . 4.4(c), (d) and  4.17(a) i t  can be seen  th a t  in  th e se  
re g io n s  th e  c ro s s -s lip  (111) p la n es  a re  d iverg ing  and th e  c r i t ic a l  (111) 
p la n e s  a re  th e  converg ing  p lan es . The fo llow ing  re a c tio n s  of 
d is lo c a tio n s  may be p o ss ib le  in  th e se  reg ions.
1. Tow ards th e  d iag o n al re g io n  1/2 and 7/8, th e  d is lo c a tio n s  on th e  
d iv e rg in g  c ro s s -s lip  p lan e  may in te ra c t  w ith  th e  d is lo c a tio n s  o f th e  
converg ing  c r i t ic a l  s lip  p lan e  to  g ive [in  te rm s o f n o ta tio n s  u sed  in  
fig . 4.16(c)];
a/2 [ o i l ]  (a) + a/2 [O ll] (b/d) = BD (a) + CA (b/d)   4.1.
a/2 [lO l] (a) + a/2 [101] (b/d) = BA (d) + BC (a)   4.2.
= re a c tio n s  o f th e  ty p e  o f H ir th  no. 11.
F o r screw  dom inated  d is lo c a tio n s , th is  type o f re a c tio n  le ad s  to  th e  
a t t r a c t io n  of d is lo c a tio n s  w hich w ill th e n  combine to  form  a d is lo c a tio n  
w ith  B urgers v e c to r  o f th e  ty p e  a <001> and a lin e  ly ing  a long  BA /
[110], g iv ing  s tro n g  b a r r ie r s  to  th e  g lid ing  d is lo c a tio n s .
2. Tow ards reg io n  1 and  8, th e  g lid in g  d is lo c a tio n s  on th e  d iv e rg in g  
s l ip  p lan e  ( i l l )  com bine w ith  d is lo c a tio n s  o f th e  converg ing  s lip  p lan e
(111) to  give p e rfe c t d is lo c a tio n s  g iven  by re a c tio n s  of th e  ty p e  of 
H ir th  no. 4,
a/2 [Oil] (a) + a/2 [101] (b/d) = a/2 [llo] (d/c)   4.3.
and
a/2 [lOl] (a) + a/2 [Oll] (b/c) = a/2 [llo] (d/c)   4.4.
The p e rfe c t d is lo c a tio n s  form ed a re  d ire c ted  o b liq u e ly  (a t an ang le  o f ^ 
28 deg rees) in to  th e  m a te ria l and  w ill p robab ly  e i th e r  a n n ih ila te  w ith  
t h e i r  o p p o site s  o r  w ill te n d  to  form  a mesh o f p iled  up d is lo c a tio n s .
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3. In te ra c tio n s  o f d is lo c a tio n s  on type  I o r  ty p e  II p lan es  m ight be 
w r it te n  as,
(i) On ty p e  I p lan es;
a/2 [oil] (a) + a/2 [10Ï] (a) = BA (d) + BC (d)     4.5.
(ii) On ty p e  II p lan es:
a/2 [101] (b) + a/2 [O il] (b) = BA (d) + CA (d)   4.6.
= H irth  no. 3.
The re a c ta n t  d is lo c a tio n s  in  th e se  re a c tio n s  re p e l b u t  i f  fo rced  to  
in te ra c t ,  may p ro d u ce  w eak b a r r ie r s  as su g g ested  by D yer (1965) o r may 
be o f th e  ty p e  co n sid e red  by H irth  (1961). The p ro b a b ili ty  o f th e se  
re a c tio n s  w ill be maximum a t  [1Ï0] azim uth as su g g es te d  by Dyer. 
REGIONS 2, 3.
The d iv e rg in g  p lan es  in  th e se  reg io n s  a re  th e  co n ju g a te  (III) p lan es  and 
th e  converging  p la n es  a re  th e  p rim ary  (111), th e  c r i t ic a l  (111) o r th e  
c ro s s -s lip  ( i l l )  p lan es . The re a c tio n s  of th e  ty p e  g iven  in  e q u a tio n s  
4.3 and 4.4 may g ive p e r fe c t d is lo c a tio n s  o f B urgers v e c to r  ±a/2 [Ilo], 
d ire c te d  o b liq u e ly  dow nw ards (a t an angle o f alO d eg rees  w ith  th e  
su rfa c e  norm al) in to  th e  specim en w hich m ight g ive  some s lip  tra c e s  on 
th e  c ro s s -s lip  o r  th e  c r i t ic a l  p lan e  n e a r  [Ilo] azim uth  o r  eq u ally  may 
com bine w ith  th e i r  o p p o s ite s  g iv ing  much red u ced  d is lo c a tio n  d en sity  
n e a r  th is  azim uth. The th i r d  p o s s ib il i ty  is  th a t  th e se  d is lo c a tio n s  may 
accum ulate  in  reg io n s  w here th e  co n ten t of th e  o p p o s ite ly  d ire c te d  [110] 
shallow  d is lo c a tio n s  is  le ss . This may r e s u l t  in  a p ile -u p  o f th e  
d is lo c a tio n s  w hich m ight r e s u l t  in  s tre s s  enhancem ent on an o th erw ise  
le s s  s tre s s e d  [IlO] d ire c te d  d is lo c a tio n s  w hich can  g ive  s lip  tra c e s  on 
th e  co n ju g a te  (III) s lip  p lan e  as  observed . T his may be e s s e n tia l  fo r  
th e  tra n sm iss io n  o f th e  in d e n ta tio n  induced  s tr e s s e s  in  th e se  reg ions. 
The o th e r  in te ra c t io n s  may p ro duce  weak an d /o r s tro n g  b a r r ie r s  to  th e
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g lid in g  d is lo c a tio n s  as th o se  g iven  in  e q u a tio n s  4.1, 4.2, 4.5 and 4.6..
At [ÏÏO] azim uth, [ÏÏO] d ire c te d  d is lo c a tio n s  may re a c t w ith  th e i r  
m u tu a lly  p e rp e n d ic u la r  [Ï10] d ire c te d  d is lo c a tio n s  to  form  d is lo c a tio n s  
w ith  B urgers v ec to r , a  [0Î0].
REGIONS 4, 5.
In th e s e  reg io n s  th e  c r i t ic a l  (111) p lan es  a re  th e  d iv e rg in g  p lan es  and  
th e  p rim ary  (111), and  th e  co n ju g a te  (III) a p p e a r  to  be  th e  converg ing  
p lan es . The fo llow ing re a c tio n s  may be p o ss ib le  in  th e s e  reg ions:
In re g io n  4:
1. a/2 [ l o l ]  (b) + a/2 [O il]  (a) = a/2 [IlO] (b/c)   4.7.
and  in  reg io n  5:
2. a/2 [O il] (b) + a/2 [lO l] (a/d) = a/2 [IlO] (b/c) ------  4.8.
B oth o f th e se  re a c tio n s  r e s u l t  in  p e r fe c t  d is lo c a tio n s . These
d is lo c a tio n s  a re  d ire c te d  u p w ard s  a t  n ea rly  26 d eg rees  w ith  th e  specim en 
su rfa c e  and may be s u f f ic ie n tly  s tre s s e d  to  a c t iv a te  th e  B V /(lll)[IlO ] 
s l ip  system  in  th e se  reg io n s . The p ro b a b ility  o f th e  re a c tio n  g iven  in  
e q u a tio n  no. 4.8, how ever a p p e a rs  to  be much le s s  as  can  be judged  from  
th e  o b liq u e  o r ie n ta tio n  o f th e  p rim ary  s lip  p lan e  re la t iv e  to  th e  
ap p lied  s tre s s e s . In th a t  case  th e  p rim ary  s lip  v e c to r  a/2 [lO l] may be 
a c tiv e  p redom inan tly , p a r t ic u la r ly  in  reg ion  4 o f th e  in d e n ta tio n .
3. A t [IlO] azim uth, th e  re p u ls io n  o f d is lo c a tio n s  g lid in g  on th e i r
re sp e c tiv e  d iverg ing  o r converg ing  s lip  p lan es , may p ro d u ce  re a c tio n s  o f 
th e  ty p e  H irth  no. 3. These re a c tio n s  may form  w eak b a r r ie r s  to  enhance  . 
s t r e s s  co n ce n tra tio n  on th e se  p la n es  which in  tu rn , can  a s s is t  to  form  
f u r th e r  n u c léa tio n  s i te s  and  m ight enhance s lip  on th e  prim ary  s lip  
p la n es  as  observed .
The in te ra c t io n s  o f th e  d is lo c a tio n s  n e a r th e  d iag o n a l reg io n s  may have  
a ten d en cy  o f form ing s tro n g  b a r r ie r s  of th e  ty p e  g iven  by e q u a tio n s .
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4.1 and 4.2. These b a r r ie r s  may a s s is t  in  th e  fo rm atio n  o f d en se ly  
ta n g le d  ce ll ty p e  d is lo c a tio n  s t ru c tu re  in  th e  d iag o n a l reg io n s .
REGIONS 6, 7.
In  th e se  reg io n s , th e  p rim ary  s lip  p lane  (111) is  th e  d iv erg in g  and  th e  
co n ju g a te  (111) and c r i t ic a l  (111) an d /o r th e  c ro s s - s l ip  ( i l l )  p lan es  
a re  th e  converg ing  p lan es . The fo llow ing re a c tio n s  m ight be p o ss ib le  in  
th e s e  reg ions:
1. a/2 [O il] (d) + a/2 [101] (c) = a/2 [110] (a/b)   4.9.
2. a/2 [101] (d) + a/2 [O il] (c) = a/2 [110] (a/b)   4.10.
T hese d is lo c a tio n s  th o u g h  p e r fe c t m ight n o t be fa v o u ra b le  fo r  g lid e  
u n d e r  th e  assum ed s t r e s s  d is tr ib u tio n  of th e  in d e n ta tio n  becau se  o f 
be ing  le s s  cov erg en t, making an angle  o f a 82 d eg rees  w ith  th e  su rfa c e  
norm al. While g lid in g  o u t th e se  d is lo c a tio n s  may g ive  some tra c e s  on th e  
c r i t ic a l  o r th e  c ro s s -s l ip  s lip  p lan es  tow ards [110] azim uth w here o th e r  
w eak b a r r ie r s  o f d is lo c a tio n s  re s u lt in g  from th e  re a c tio n s  o f th e  ty p e  
H ir th  no .3 may b lo ck  th e  su ccessiv e  g lid in g  d is lo c a tio n s . The 
p ro b a b ili ty  of th e  re a c tio n s  g iven  in  eq u a tio n s  4.9 and 4.10 may 
d ec rea se  w ith  d is ta n c e  w hile moving from  reg ion  6 to w ard s  reg io n  7, due 
to  th e  ob lique  o r ie n ta tio n  o f th e  p rim ary  s lip  p la n es  in  th is  reg ion . 
The s lip  d ire c te d  a long  [101] may be h igh ly  fa v o u ra b le  in  reg io n s  6/7 
and  7 causing  s lip  on th e  co n ju g ate  o r c r i t ic a l  s l ip  p lan es , as o b serv ed  
in  th e se  reg ions.
4:5:2. DISCUSSION: A THEORETICAL CONSIDERATION.
(ii) ORIENTATION E 
REGIONS 1, 8.
R efe rrin g  to  f ig u re s  4.6(c), (d) and 4.18(a), (b) i t  can  be seen  th a t  in  
th e s e  reg ions th e  p rim ary  p lan e  (111) is  d iv e rg in g  and  th e  co n ju g a te
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(III), th e  c ro s s -s lip  ( i l l )  a n d /o r th e  c r i t ic a l  (111) p lan es  a re  
converg ing . The fo llow ing re a c tio n s  o f d is lo c a tio n s  m ight be p o ss ib le  in  
th e s e  reg ions.
1. a/2 [O il] (d) + a/2 [ lo l]  (c) = AC(d) + AD(c) -----------------  4.11.
2. a/2 [lO l] (d) + a/2 [O ll] (c) = CB(d) + DB(c) -----------------  4.12.
s  H irth  no. 7.
The in te ra c t in g  d is lo c a tio n s  re p e l b u t can be fo rced  to  in te r s e c t  
lead in g  to  a  jog -jog  fo rm ation  on b o th  th e  r e a c ta n t  d is lo c a tio n s .
A t [110] azim uth, th e  fo rm ation  o f w eak b a r r ie r s  from  re a c tio n  o f th e  
ty p e  H irth  no. 3 (due to  th e  in te ra c t io n s  o f th e  d is lo c a tio n s  g lid in g  on 
ty p e  I o r  ty p e  II p lanes) m ight be p o ss ib le . Tow ards th e  d iagonal 
reg io n s  re a c tio n s  o f th e  fo llow ing  ty p e  m ight occur,
1. a/2 [O il] (d) + a/2 [O ll] (c) ----------------------------------  4.13.
2. a/2 [ l O l ]  (d) + a/2 [ l o l ]  (c) ----------------------------------  4.14.
= H irth  no. 11.
F o r screw  dom inated  d is lo c a tio n s  th e se  re a c tio n s  lead  to  th e  a t t r a c t io n  
o f th e  d is lo c a tio n s  which m ight com bine to  form  s tro n g  b a r r ie r s  w ith  th e  
p ro d u c t d is lo c a tio n s  hav ing  th e  B urgers v e c to rs  o f th e  ty p e  a<001> w ith  
t h e i r  lin e s  p a ra lle l  to  <110> ty p e  d ire c tio n s .
In ad d itio n  to  th e  above re a c tio n s  s lip  along  ±[110] m ight a lso  occu r in  
th e s e  reg io n s  ex cep t p ro b ab ly  a t  [110] azim uth w here th e  h ard en in g  
e f fe c t  of th e  w eak b a r r ie r s  form ed by th e  in te ra c t io n s  o f th e  ty p e  H irth  
no. 3 may b lock  them . The fo llow ing  a d d itio n a l re a c tio n s  m ight a lso  be 
q u ite  p o ssib le ;
1. a/2 [110] (b/a) + a/2 [ l o l ]  (c) = a/2 [O il] ( a / d ) - - - - - - - - - - - -  4.15.
2. a/2 [110] (b/a) + a/2 [O ll] (c) = a/2 [lO l] ( a / d ) --------------- 4.16.
T hese two re a c tio n s  give p e r fe c t d is lo c a tio n s  w ith  th e  g lid ing  
d ire c tio n s  w hich a re  d ire c ted  in to  th e  specim en. I t  is  how ever p o ssib le
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t h a t  [110] d ire c te d  s lip  m ight a s s i s t  th e se  re a c tio n s  g iv ing  s u rfa c e  
s l ip  t ra c e s  on th e  p rim ary  s l ip  p lan e  in  reg io n  1 and on th e  c ro s s - s l ip  
p la n e  in  reg ion  8, as ob serv ed . The p ro b a b ili ty  of th e  in te ra c t io n  g iven  
in  e q u a tio n  4.11 ap p ea rs  to  be much le s s , due to  th e  o b liq u e  o r ie n ta t io n  
o f th e  c r i t ic a l  p lane  re la t iv e  to  th e  ap p lied  s t r e s s e s  in  th e se  reg io n s . 
Hence [ÏOÏ] d ire c te d  s lip  m ight be p redom inan t in  re g io n s  1 and  1/2 
w hich m ight g ive tr a c e s  on th e  co n ju g a te  s lip  p la n es  (III) in  th e se  
reg io n s .
REGIONS 2, 3.
The d iv erg in g  p lan es  a re  th e  c r i t ic a l  o r th e  p rim ary  s lip  p la n e s  in  
reg io n  2 and th e  c r i t ic a l  o r th e  co n ju g ate  s lip  p lan e  in  reg io n  3 w hile  
th e  th e  converging  p la n es  a re  m ainly  th e  c ro s s -s lip  p lan es  in  th e se  
reg io n s . The su rfa ce  s l ip  tr a c e  d is t r ib u t io n  as  g iven  ro u g h ly  in  fig . 
4.19 how ever does n o t a p p ea r to  m atch w ith  th e  ex p ec ted  t ra c e s  (from  th e  
D yer model) on th e  c ro s s -s l ip  p la n es  in  th e se  reg io n s . This anom oly 
m ight be exp la ined  by exam ininng th e  p o ss ib le  in te ra c t io n  o f 
d is lo c a tio n s  in  th e se  reg io n s . The fo llow ing  in te ra c t io n s  m ight be 
p o ss ib le ,
1. a/2 [Oil] (d/b) + a/2 [loi] (a) = a/2 [IlO] ( d / c ) --------------- 4.17.
2. a/2 [101] (b) + a/2 [ O l l ]  (a) = a/2 [ l l o ]  ( d / c ) ----------------  4.18.
The p ro d u c t d is lo c a tio n s  m ight g ive  s l ip  tra c e s  on th e  p rim ary  (111) o r 
th e  co n ju g ate  (III) p lan es  [m ore l ik e ly  on th e  p rim ary  p la n es]  in  reg io n  
2 s in ce  (when guessed  q u a li ta tiv e ly )  th is  s lip  p lane  seem s to  be  h ig h ly  
s t r e s s e d  in  th is  reg ion .
At [Î10] azim uth th e  in te ra c t io n s  o f ty p e  I and II p lan es  a p p ea r to  be 
im p o rta n t since  th e y  r e s u l t  in  th e  p e r fe c t d is lo c a tio n s  in s te a d  o f th e  
fo rm atio n  o f weak b a r r ie r s  from  th e  in te ra c t io n s  o f th e  ty p e  H irth  no.
3. T hese in te ra c t io n s  m ight be  as  fo llow s.
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1. a/2 [O lï] (b) + a/2 [101] (b) = a/2 [110] ( a / b ) ----  4.19.
2. a/2 [ l o i ]  (a) + a/2 [OÏÏ] (a) = a/2 [ÏÏO ] ( a / b ) ---- 4.20.
T hese  azim uthal re a c tio n s  g ive p e r fe c t  d is lo c a tio n s  w hich m ight e i th e r
jo in  up  to  th e i r  o p p o s ite s  to  a n n ih ila te  o r  m ight accum ulate  in  th e
d ip o la r  co n fig u ra tio n . These in te ra c t io n s  a re  l ik e ly  to  p ro d u ce  th e  
d e p re sse d  reg io n s  a t  le a s t , a t  th e  az im u thal reg io n s  m erely b ecau se  th e
[110] d ire c ted  d is lo c a tio n s  may n o t be p ro p e rly  s t r e s s e d  as th e y  a re  
o r ie n te d  rough ly  norm al to  th e  h ig h ly  s tre s s e d  s l ip  d ire c tio n  [Ï10] in  
th e s e  reg ions. The c r i t ic a l  p lan e  how ever a p p e a rs  to  be s u ita b ly  
o r ie n te d  fo r  [110] d ire c te d  s lip . T his may be th e  m ain rea so n  fo r  th e  
o ccu rren ce  of t ra c e s  on c r i t ic a l  p lan e  in s te a d  o f c ro s s -s l ip  p lan es . 
REGIONS 4, 5.
In  th e s e  reg ions th e  d iv erg in g  p la n es  a re  th e  co n ju g a te  (ÏÎ1) a n d /o r th e  
c r i t ic a l  (111) p lan es  and  th e  co nverg ing  p la n es  a re  th e  p rim ary  (111) 
and  /o r  th e  c ro s s -s lip  ( i l l )  p lan es . The fo llow ing  re a c tio n s  m ight be 
p o ss ib le ,
1. In te ra c tio n s  o f d is lo c a tio n s  g iven  by e q u a tio n s  4.11 -  4.16 (in 
re g io n s  1, 8) a re  m ost lik e ly  to  be re p e a te d  in  reg io n s  4 and  5 
re sp e c tiv e ly  ex cep t th a t  [Ilo] d ire c te d  s lip  is  now co n v erg en t 
i .e .jd ire c te d  o u t o f th e  specim en a t  = 18 d eg rees  to  th e  su rfa ce  norm al. 
The d is lo c a tio n s  g lid in g  along th i s  d ire c tio n  m ight in te r a c t  w ith  th o se  
o f d iv e rg in g  s lip  p lan e  (III) to  g ive,
1. a/2 [101] (c) + a/2 [Ilo] (a/b) = a/2 [O ll] ( d ) -----------------  4.21.
2. a/2 [O il] (c) + a/2 [Ilo] (a/b) = a/2 [ loi] ( d ) ---------------- 4.22.
B oth th e se  re a c tio n s  g ive p e r fe c t  d is lo c a tio n s  w ith  th e  p rim ary  s lip  
v e c to rs  on th e  converg ing  p lan e  (111) g iv ing  p o ss ib ly  an  enhanced  and 
f re q u e n t  s lip  tra c e s  on th e se  p la n es  as o b serv ed . At [Ilo] azim uth 
how ever th e  p o ss ib le  w eak b a r r ie r s  (H irth , no. 3) a re  lik e ly  to  occu r
57
and  show th e i r  h a rd en in g  e f fe c t  th ro u g h  th e  fo rm atio n  o f b a r r ie r s  of 
d is lo c a tio n s  in  th e se  reg io n s .
REGIONS 6, 7.
The d iverg ing  p lan es  a re  l ik e ly  to  be th e  c ro s s -s l ip  p lan es  and  th e  
converg ing  p lan es  a re  th e  c r i t ic a l  p la n es  in  reg io n  6 and th e  c r i t ic a l  
o r  th e  con jugate  p lan es  in  re g io n  7. The fo llow ing  re a c tio n s  m ight be 
fa v o u ra b le  in  th e se  reg io n s.
1. a/2 [ÏOÎ] (b) + a/2 [O il] (a/c) = a/2 [Ï10] (d/c) -------------  4.23.
2. a/2 [ o i l ]  (b) + a/2 [lO l] (d /a) = a/2 [1Î0] (d/c) --------------- 4.24.
T hese re a c tio n s  lead  to  th e  fo rm a tio n  o f p e r fe c t  d is lo c a tio n s . The s lip  
v e c to rs  o f th e  d is lo c a tio n s  g iv en  by e q u a tio n  4.23 a re  d ire c te d  o u tw ard s  
in  reg io n  6 w hile th o se  g iven  by e q u a tio n  4.24 a re  d ire c te d  in w ards in  
re g io n  7. The form er is  th e re fo re  more lik e ly  to  g ive tra c e s  on th e  
p rim ary  o r th e  con jugate  s l ip  p la n es  w hile  th e  l a t t e r  m ight cau se  th e  
accum ulation  o f d is lo c a tio n s  and  en hance  s t r e s s e s  on [ÏÏO] d ire c te d  le s s  
s tre s s e d  b u t p o ssib ly  an a l te rn a t iv e  s lip  d ire c tio n  on th e  c r i t ic a l  
p la n e s  which ap p ea rs  to  be s u i ta b ly  o r ie n te d  f o r  th is  ty p e  o f s lip .
3. Weak b a r r ie r s  o f th e  ty p e  H ir th  no. 3 m ight a lso  be form ed a t  [1Î0] 
azim uth  w here a change in  s l ip  mode m ight a lso  be ex p ec ted  from  th e  
p rim ary  p lane  in  reg ion  6 to  th e  c r i t ic a l  o r  th e  co n ju g a te  p la n es  in  
re g io n  7.
4. In te ra c tio n s  o f d is lo c a tio n s  on ty p e  I and  II p la n es  m ight a lso  be 
e q u a lly  im p o rtan t as th e y  m ight le a d  to  th e  p e r fe c t d is lo c a tio n s  s im ila r  
to  th o s e  given  in  e q u a tio n s  4.19-20. The [110] d ire c te d  g lid in g  
d is lo c a tio n s  m ight again  fa v o u r  s l ip  on th e  c r i t ic a l  p lan e  as observed .
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4:5:3. DISCUSSION: THE TEM OBSERVATIONS.
(i) ORIENTATION U.
REGIONS 1, 8.
These a re  reg io n s  w hich in v o lv e  s lip  on more th a n  one s lip  system . The 
m icrographs from  reg io n s  n e a r  th e  su rfa c e  o f th e  specim ens and  from n e a r  
th e  in d e n ta tio n s  show  th e  d is lo c a tio n  m ic ro s tru c tu re s  w hich co n sis ted  o f 
d is lo c a tio n s  p red o m in an tly  o f  s in g le  s lip  and  b e long ing  to  th e  c r i t ic a l  
p lan e  (111) p a r t ic u la r ly , in  re g io n  8, w ith  th e  B urgers  v ec to r , ±a/2 |
[101] o r ±a/2 [110]. how ever some m ixed c e ll-w a ll s t ru c tu re  h as  a lso  j
been  observed . These o b se rv a tio n s  ag ree  w ith  s l ip  tra c e  co n fig u ra tio n  '
seen  on th e  specim en su rfa c e  in  th e se  reg io n s  (a lso  sk e tc h e d  ro u g h ly  in  
fig . 4.17]. These a re  a lso  re g io n s  o f th e  fo rm atio n  o f th e  s h o r t  PSBs as 
o b serv ed  in  l a te r  s ta g e  o f fa tig u e  cycling  (to  be d iscu ssed  in  C h ap te r
6). The in te ra c t io n s  o f th e  (d iverg ing) [lol], [O il] d ire c ted  and 
(converging) [011], [loi] d ire c te d  d is lo c a tio n s  may be im p o rtan t in  
th e se  reg io n s, w ith  th e  p ro b a b il i ty  o f th e i r  in te ra c t io n s  depending  upon 
th e  d e n s ity  o f d is lo c a tio n s  and  ( re s u lta n t)  s h e a r  s t r e s s e s  along th o se  
d ire c tio n s . The p redom inance  o f th e  B urgers v e c to r , a/2 [llo] in  th e  
reg io n s  1 and 8 m ight be e x p la in ed  by th e  in te ra c t io n  o f d is lo c a tio n s , 
o f th e  ty p e  g iven  in  e q u a tio n s  4.3-4.4. In reg io n  8 how ever [101] o r
[110] d ire c te d  g lid e  o f d is lo c a tio n s  a p p ea r to  be s u ita b ly  lo ca ted  fo r  
g lid e  u n d e r th e  ap p lied  s t r e s s e s .  F or th e i r  predom inance (freq u e n t 
occurance) th ey  h av e  a g re a te r  chance  of tra v e rs in g  lo n g er d is ta n ce s , 
p a r t ic u la r ly  in  some p a r ts  o f th e  reg io n s 7 and  8, fac ing  th e se  
d ire c tio n s .
REGIONS 2, 3.
One sp ec ia l fe a tu re  o f th e se  reg io n s  is  th e  fo rm atio n  o f w alls o f 
d is lo c a tio n s  ru n n in g  ro u g h ly  p a ra l le l  to  th e  ±[100] d ire c tio n  a s  seen  in
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fig . 4.7(e). This a p p ea rs  to  be  th e  r e s u l t  o f th e  in te ra c t io n  o f tw o 
ty p e s  o f a lm ost eq u a lly  s t r e s s e d  d is lo c a tio n s  w ith  m u tu a lly  
p e rp e n d ic u la r  B urgers  v e c to rs , ±a/2 [Î10] and  ±a/2 [ÏÏÛ] g lid in g
re sp e c tiv e ly  on th e  p rim ary  (111) o r  th e  co n ju g ate  (ÏÏ1) and th e  
c r i t ic a l  (111) o r  th e  c ro s s -s l ip  ( i l l )  p lan es . In th e se  reg io n s  th e  
(d iverg ing) [ l o l ]  and  [O ll] d ire c te d  d is lo c a tio n s  can  in te re a c t  w ith  
the(converg ing) [Oll] and [lOl] d ire c te d  d is lo c a tio n s  th ro u g h  a 
re a c tio n  o f th e  ty p e  g iven  in  e q u a tio n s  4.3 and  4.4, to  p roduce p e r fe c t  
d is lo c a tio n s  o f B urgers  v e c to r  ±a/2 [Ilo]. The p ro d u c t d is lo c a tio n s  may 
th u s  be fo rced  to  g lid e  in to  th e  specim en w hich may n o t be e n e rg e tic a lly  
fa v o u rab le . A part from  a g re a te r  p ro b a b ili ty  o f a n n ih ila tio n  re a c tio n s  
w ith  o p p o site  d is lo c a tio n s  g lid in g  o u t of th e  specim en on th e  same o r  
p a ra l le l  p lan es , th e re  is  some p ro b a b ili ty  th a t  th e  (in te rn a l)  s t r e s s e s  
m ight be d iv e rte d  to w ard s  th e  [IlO] d ire c tio n  w hich m ight o th e rw ise  be 
le s s  s tre sse d . The fo llow ing  s h o r t  ran g e  re a c tio n  m ight be im p o rtan t in  
ex p lan in g  th e  fo rm atio n  o f th e  <001> d ire c te d  w all. The d is lo c a tio n s  
d ire c te d  along [IlO] and [Ilo] m igh t d is so c ia te  in to  p a r t ia ls  and re a c t  
to  give,
a/6 [I2I + 211] + a/6 [III + I2I] = a/3 [lOO] + a/6 [211 + 2II]
= H irth  no. 10a   4.25.
The lead in g  p a r t ia ls  combine to  form  d is lo c a tio n s  w ith  [100] d ire c te d  
segm ents lead in g  p ro b ab ly  to  b a r r ie r  fo rm atio n  w ith  th e  rem ain ing  
p a r t ia ls .
A no ther fe a tu re  o f  th is  reg io n  i s  th e  fo rm atio n  o f a  boundary  betw een 
th e  two m iso rien ted  reg io n s  a s  seen  in  fig . 4.7(f). B oundaries o f th is  
ty p e  ap p ea r to  be ro u g h ly  p a ra l le l  to  <110> ty p e  d ire c tio n s . The ±[011] 
d ire c te d  b oundary  is  along th e  in te rs e c t in g  re g io n s  o f th e  co n ju g a te
(III) and th e  c ro s s - s l ip  ( i l l )  p la n e s  and  th e  ±[101] d ire c ted  b o u d ary  is
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th e  in te r s e c t in g  reg io n  o f th e  co n ju g a te  ( I I I )  and  th e  c r i t ic a l  (111) 
p lan es .
REGIONS 4, 5.
T hese reg io n s  a p p e a r  to  be p e c u lia r  to  th is  o r ie n ta t io n  in  h av in g  a 
c o n s id e ra b le  num ber o f (su rfa c e ) s lip  tra c e s  on th e  p rim ary  (111) and 
co n ju g ate  (III) p la n es  (p red o m in an tly  on th e  p rim ary  plane).T he 
co rre sp o n d in g  in te r io r  re g io n s  a p p e a r  to  be c h a ra c te r is e d  by th e  
fo rm atio n  o f a  m ixed c e ll-w a ll ty p e  d is lo c a tio n  s t ru c tu re .  The w a ll- lik e  
g ro u p s  o f d is lo c a tio n s  a re  a lig n e d  in  d if fe re n t d ire c tio n s  w hich show s 
th e  invo lvem en t o f  m ore th a n  one  s l ip  system  in  th e  e v o lu tio n  o f su ch  a 
s t ru c tu re .  At le a s t  fo u r  B u rg e rs  v e c to rs  have been  fo und  in  th e se  
reg io n s  w hich a re , ±a/2 [IlO ], ±a/2 [lO l], ±a/2 [O il] and  ±a/2 [101], 
w ith  th e  fo rm er in  abundance . The predom inance o f th e  d is lo c a tio n s  w ith  
th e  B urgers v e c to r , ±a/2 [110] a re  ex p ec ted  to  be th e  d ire c t  r e s u l t  of 
th e  in te ra c t io n s  g iv en  in  e q u a tio n s  4.7 and 4.8, fo r  th e se  reg io n s . T his 
s lip  v e c to r  a p p e a rs  to  be th e  cau se  o f s lip  tra c e s  on th e  p rim ary  (111) 
and th e  co n ju g a te  (III) p la n es  w here  o th e rw ise  tra c e s  on th e  c r i t ic a l
(111) [o r  th e  c ro s s - s l ip  p la n e  ( i l l )  to  some e x te n t]  a re  ex p ec ted  
acco rd ing  to  th e  ap p lied  m odel. B ut a s  ex p la in ed  above, th is  does n o t 
seem to  be a  s e r io u s  c o n tra d ic t io n  by th e  v e ry  n a tu re  o f th e  p ro p o sed  
in te ra c t io n s  o f d is lo c a tio n s . The re g io n s  4 and 5 a lso  e x ih ib it  e a r l ie r  
in i t ia t io n  o f PSBs in  th e  l a t e r  s ta g e  o f th e  fa tig u e  cycling.
REGIONS 6, 7.
T hese reg io n s  co u ld  n o t be s tu d ie d  p ro p e rly . A few m icrog raphs ta k e n  
from  th e se  re g io n s  in d ic a te  th e  p resen ce  o f m ostly  a  c e ll ty p e  o r  
d en se ly  ta n g le d  m esh ty p e  d is lo c a tio n  s t ru c tu re  as seen  in  fig . 4.8(e). 
The B urgers v e c to rs  found  m ost f re q u e n tly  in  th e se  reg io n s  a re , ±a/2
[110] o r  ±a/2 [101] and  ±a/2 [O il] . P ro b ab ly  due to  th e  p re sen ce  o f th e
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above  m entioned  ty p es  o f d is lo c a tio n  s t ru c tu re s ,  th e se  reg io n s look  to  
be  h a rd e r  th a n  th e  o th e r  re g io n s  m erely  because  th e  su rfa c e  s lip  tra c e s  
w ere  e i th e r  h a rd ly  seen  o r  w ere much le ss  d is tin c t .
4;5;3. DISCUSSION: THE TEM OBSERVATIONS.
(ii)  ORIENTATION E.
REGIONS 1, 8.
The d is lo c a tio n  s t ru c tu re s  fo und  in  th e se  reg io n s  a p p ea r to  v a ry  from  
s in g le  s l ip  dom inated  g ro u p s  o f d is lo c a tio n s  to  th e  densely  ta n g le d  
s t r u c tu r e s ,  l ik e  th o se  seen  in  fig . 4.14(b). The B urgers v e c to rs  fo u n d  
in  th e se  reg io n s , ±a/2 [O il], ±a/2 [O il] and ±a/2 [10Ï], co rre sp o n d  to  
th e  o b serv ed  tra c e s  on th e  co n ju g a te  (ÏÏ1), th e  p rim ary  (111) o r  th e  
c r i t ic a l  (111) s lip  p lan es  re sp e c tiv e ly .
REGIONS 2, 3.
T hese a re  th e  reg io n s  fa v o u re d  by th e  s lip  and  c ro s s -s lip  o f th e  
d is lo c a tio n s  from  th e  p rim ary  (111) to  th e  c ro s s -s l ip  ( i l l )  p lan es  and  
v ic e  v e rsa . T his is  e v id e n t b o th  from  su rfa ce  o b se rv a tio n s  as w ell as 
from  th e  TEM m icrographs show ing th e  ty p ic a l d is lo c a tio n  s t ru c tu re s  o f 
th e s e  reg io n s  (fig. 4.16). The s l ip  v e c to rs  found  in  th e se  reg io n s  a re ; 
±a/2 [IlO ], ±a/2 [lO l] and ±a/2 [101]. O ut o f th e se  v e c to rs  c ro s s -s lip  
a p p e a rs  to  be a c tiv a te d  by th e  d is lo c a tio n s  w ith  th e  B urgers v e c to r , 
±a/2 [ lo i ]  w hich is  common to  th e  p rim ary  (111) and th e  c ro s s -s lip  ( i l l )  
p la n es . The re a so n  fo r  s lip  on th e  p rim ary  (111) o r  th e  c ro s s -s lip  ( i l l )  
in s te a d  o f only  on th e  c ro s s - s l ip  ( i l l )  p lan es  is  p ro b ab ly  due to  th e  
o b liq u e  o r ie n ta tio n  o f th is  p la n e  re la t iv e  to  th e  ap p lied  fo rce  v e c to r  
in  th e s e  reg io n s .
REGIONS 4, 5.
The a lm ost s in g le  s lip  v e c to r  dom inated  d is lo c a tio n  s t ru c tu re  in d ic a te s
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th e  prdom inance o f easy  g lid e  co n d itio n s  in  th e se  reg io n s . Due to  
incom plete  s tu d y  o f th e s e  re g io n s , th e  w all type  s t ru c tu re  fo und  in  th e  
co rre sp o n d in g  re g io n s  o f th e  in d e n ta tio n  in  specim ens o f o r ie n ta t io n  U, 
h a s  n o t been  found  in  th i s  specim en. This s t ru c tu re  cou ld  be ex p ec ted  in  
th e s e  reg io n s  b ecau se  o f c o n s id e ra b le  su rfa ce  s lip . These a re  a lso  
re g io n s  o f e a r l ie r  in i t ia t io n  o f PSBs in  th e  l a te r  s ta g e  o f fa tig u e  
cycling . The p resen ce  o f m ost f re q u e n tly  found  B urgers v e c to r , ±a/2 
[Ï01] su g g es ts  th e  p redom inance  o f th e  p rim ary  s lip  system  in  th e se  
re g io n s  as expected .
REGIONS 6, 7.
N ear th e  in d e n ta tio n , d is lo c a tio n  s t ru c tu re  ap p ea rs  to  v a ry  from  one 
p a r t  to  th e  o th e r  o f th e s e  re g io n s  show ing g en e ra lly  a  p ile -u p  of 
d is locations^  m ostly  on th e  p rim ary  p lan e . This may be ex p ec ted  as  seen  
fig . 4.14(f). In f a r th e r  re g io n s  o f th e  in d e n ta tio n s , th e  g en era l 
p a t te rn  o f d is lo c a tio n  s t r u c tu r e  a p p ea rs  to  be th a t  o f a c e ll type  
s t r u c tu r e  hav ing  w alls  ro u g h ly  p a ra l le l  to  th e  <110> ty p e  d ire c tio n s .
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CHAPTER 5.
LOW AMPLITUDE FATIGUE OF POLYCRYSTALLINE AND SINGLE CRYSTAL 
SPECIMENS.
5:1. INTRODUCTION.
In o rd e r to  ex p lo re  a c o rre la tio n  betw een th e  in d e n ta tio n  induced  
defo rm ation  and th a t  of fa tig u e , a s tu d y  of th e  fa tig u e  cycling of th e  
annealed  specim ens was u n d e rtak en . For th is  p u rp o se , a few 
p o ly c ry s ta llin e  and some s in g le  c ry s ta l  specim ens w ere used . Some of th e  
sin g le  c ry s ta l  specim ens o f o r ie n ta tio n s  u sed  fo r  'In d en ted  only ' 
specim ens (re p o rte d  in  C h ap ter 4): Cl, C3, C5 and C7 w ere used  fo r  
fa tig u e  cycling. A few  s t r ip s  from  th e  b u lk  c ry s ta ls  o f C3/U o r ie n ta tio n  
have a lso  been  u sed  fo r  fa tig u e  to  s tu d y  th e  su rfa c e  s lip  (s lip  lin es , 
PSBs etc.). The o r ie n ta tio n s  o f th e  s in g le  c ry s ta l  specim ens used  a re  
given in  ta b le  3.2. F a tig u e  cycling co n d itio n s  fo r  th e  p o ly c ry s ta llin e  
specim ens a re  sum m arised in  ta b le  5.1 and th o s e  o f s in g le  c ry s ta l 
specim ens a re  g iven  in  ta b le  5.2. O ccasionally  fa tig u e  o f th e  specim ens 
h as been d e sc rib ed  by th e  to ta l  cum ulative  s t r a in  am p litude  v a lu es  which 
is  a c tu a lly  th e  sum o f th e  cum ulative s t r a in  am p litu d es  o f th e  d if fe re n t 
w heels (used) and e v a lu a te d  by th e  ex p ressio n , e „  = E4 N w here NJ. ÿCLUTl « L
= num ber o f cycles g iven  to  th e  specim ens a t  a to ta l  s t r a in  am plitude
e^. F a tig u e  o f th in  fo il  specim ens how ever h as  been  d e sc rib ed  by th e i r
o rig in a l to ta l  s t r a in  am plitudes, which w ere (m ostly) : 1.4x10
-3 -31.6x10 and  1.9x10 . P e rs is te n t s lip  bands a b b re v ia te d  as PSBs a re
defined  much in  th e  same way as given in  l i t e r a tu r e  and  exp lained  
f u r th e r  by W hite (1984) i. e., th o se  fa tig u e  s lip  m ark ings w hich p e rs is t  
a f te r  su rfa c e  rem oval and re-em erge  a f te r  e le c tro p o lish in g  on fu r th e r  
fa tig u e  o f th e  specim ens, w ill be term ed as PSBs.
PSBs on th e  p rim ary  system  w ill be ca lled  p rim ary  PSBs w hile  th o se  on
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th e  o th e r  s l ip  sy stem s, seco n d ary  PSBs. The d i f f e r e n t  s ta g e s  o f fa tig u e  
cycling r e f e r  to  th e  d if f e r e n t  reg im es of th e  cyclic  s t r e s s - s t r a in  cu rv e  
rev iew ed  in  C h a p te r  2.
For th e  p o ly c ry s ta l l in e  specim ens, g ra in  d iam e te rs  and th e  a re a  
f ra c tio n s  o f PSBs h ave  been  e s tim ated  u s in g  th e  m ethod g iven  by 
R asm ussen e t  a l (1980).
A few th in  fo i ls  o f p o ly c ry s ta l lin e  m a te ria l and  some th in  fo ils  o f 
s in g le  c ry s ta ls  o f C3 o r ie n ta tio n , ca lled  U o r ie n ta t io n  (fo r conven ience  
o f re fe ren ce ), w ere p re p a re d  (acco rd in g  to  th e  m ethod g iven  in  C h ap te r 
3) fo r  T ran sm issio n  E lec ton  M icroscope (TEM) s tu d ie s  and  th e  
co rre sp o n d in g  r e s u l t s  a re  re p o r te d  in  s e c tio n  5:3. F a tig u e  cycling 
co n d itio n s  o f th e s e  fo i ls  and th e  o th e r  d e ta i ls  reg a rd in g  a re a s  and 
B urgers v e c to rs  fo u n d  f re q u e n tly  in  th e se  specim ens a re  sum m arised in  
ta b le  5.3. I t  sh o u ld  a lso  be p o in te d  o u t th a t  w h ile  m easuring  th e  w all 
spac ings o f th e  la d d e r  s t ru c tu re s ,  p ro je c tio n  an g les  h ave  n o t been  ta k e n  
in to  accoun t. The d iscu ss io n  o f th e  r e s u l ts  is  g iv en  a t  th e  end  o f th e  
C h ap ter (se c tio n  5:4).
5:2. EXPERIMENTAL RESULTS: SURFACE OBSERVATIONS.
5:2:1. FATIGUED SINGLE CRYSTAL SPECIMENS.
D uring th e  fa tig u e  h a rd en in g  s tag e , f in e  s lip  lin e s  ap p ea red  w hich 
covered  m ost o f th e  specim en su rfa c e  and  w hich w ere  p a ra lle l  m ainly to  
th e  tra c e s  o f th e  p rim ary  s lip  p lan e  ex cep t a t  th e  edges and clam ps of 
th e  c ry s ta ls  w here  s l ip  on seco n d ary  s lip  system s w ere a lso  observed . 
T his e f fe c t  is  show n in  fig . 5.1(a) w hich is  from  specim en Cl fa tig u e d  
w ith  w heels W1-W3 up to  to ta l  cum u la tiv e  s t r a in  am p litu d e  o f s  39, w here 
s lip  lin e s  in v o lv in g  m ore th a n  one s lip  p lan e  a re  seen .
The o b se rv a tio n s  made a f te r  a b o u t 10^ cycles re v e a le d  th e  ap p earan ce  of
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PSBs w hich becam e more p ro n o u n ced  w ith  fu r th e r  fa tig u e  cycling  a t  a 
c e r ta in  to ta l  s t r a in  am plitude . These PSBs w ere found confined  to  th e  
t ra c e s  o f th e  p rim ary  s lip  p la n e  (111). However in  a few cases  PSBs on 
th e  secondary  s lip  system s w ere a lso  observed . F igure  5.1(e) is  from  
specim en C3 and show s th e  fo rm atio n  o f PSBs on two s lip  p lan es  a f te r  a  
fa tig u e  up to  to ta l  cu m u la tiv e  s t r a in  am plitude s  150. I t  was a lso  
ob serv ed  th a t  PSBs form ed m ore re a d ily  n ea r p its  and in d e n ta tio n s  on th e  
su rfa c e  o f th e  specim ens. T his e ffe c t w ill be d iscu ssed  f u r th e r  in  
C h ap te r 6.
The fa tig u e d  specim ens w ere l ig h tly  e lec to p o lish ed  and th e n  f u r th e r  
fa tig u e d  I t  was fo u n d  th a t  PSBs re-em erged  from s i te s  w hich ap p ea red  
c lo se  to  th e i r  p re v io u s  ones. In  one case  th is  e ffe c t was seen  som ew hat 
d if fe re n tly . Specim en Cl w as fa tig u e d  w ith  w heels W1-W4 fo r  a  to t a l  
cum ula tive  s t r a in  am p litude  up  to  424 b efo re  e lec tro p o lish in g , [a s  a
ro u g h  estim ate , ta k in g  th e  re so lv e d  p la s t ic  s t r a in  am plitudes fo r  w heels
**■5 / ""5vW1 and  W2 s  10 (le ss  th a n  th e  th re s h o ld  v a lu eo f 6x10 ) and m aking u se
o f th e  e q u a tio n  3.2 and ta b le  3.2, th e  cum ulative  p la s t ic  s t r a in
am plitude  Ze , e q u iv a le n t to  th e  to ta l  cum ulative  s t r a inpi,cum . ^
am plitude  s  424 is  n e a r ly  50, and is  n ea rly  70 fo r  e™ sTjCum.  ^ T,cum.
616]. F igure  5.1(c) show s some o f th e  PSBs form ed on th is  specim en w hich 
ap p e a r  to  be w ell developed  and  w ell sep a ra ted . This specim en was th e n  
g iven  a l ig h t  e le c trp o lish  and  th e n  fu r th e r  fa tig u e d  w ith  w heels W3-W4 
u p to  a to ta l  cu m ula tive  s t r a in  am plitude: s£ 616. I t  was n o ted  th a t  th e  
f r e s h  PSBs em erged m ainly a t  th e  edges of th e  old (and aged) PSBs, i. e. 
a t  th e  PSB-m atrix in te r fa c e s , leav in g  th e  rem aining ( in te r io r)  PSBs 
p ro b ab ly  m ainly in a c tiv e . I t  is  to  be no ted  th a t  fo r  th e  p re se n t case , 
th is  e ffe c t a p p ea rs  to  be re la te d  to  th e  fa c t  th a t  to ta l  s t r a in  
am plitude  d ecreased  a f te r  e le c tro p lo ish in g  and th e  specim en was fa tig u e d
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a t  a  low er to ta l  s t r a in  am p litu d e  a fte rw a rd s , am p litude  (because  o f
changes in  specim en th ic k n e ss  due to  i t s  e lec tro p o lish in g , th e re  was an
e s tim a te d  10% re d u c tio n  in  th e  s t r a in  am plitude fo r  a g iven  w heel).
F ig u re  5.1(d) w hich is  an  o p tic a l  m icrograph , show s th is  e f fe c t w hich
is  f u r th e r  e la b o ra te d  in  th e  co rre sp o n d in g  SEM m icrograph  i n  fig .
5.2(a). In th is  f ig u re , th e  l ig h t ly  p o lish ed  away PSBs can  a lso  be seen
in  th e  background  o f th e  m icrograph , b o rd e red  by th e  f r e s h  PSBs.
PSBs once form ed in c re a se d  in  num ber and e x te n t by th e  in c re ase  in  th e
to ta l  s t r a in  am plitude  (c^). T his can be seen  from  th e  in sp e c tio n  o f th e
fig s  5.1(b) and (f) w here PSBs a ro u n d  th e  lo ca tio n  'q ' show an in c re a se
-4in  t h e i r  num bers when fa tig u e d  w ith  w heel W4 (e^= 8x10 ) from  th o se  a t
lo c a tio n s  a ro u n d  'p ' o b se rv ed  a f te r  fa tig u e  w ith  w heels W1-W3 (e^s 
-42-6x10 ). The f re s h  PSBs how ever a re  re la tiv e ly  sh a rp , le s s  p ronounced
and  s h o r t  segm ented com pared to  th o se  re su ltin g  from  a low er s t r a in  
am p litu d e  fa tig u e .
Specim ens C2 and C7 w ith  a x ia l  o r ie n ta tio n s  c lose to  [223], and [012] 
re sp e c tiv e ly  w hich lied , com pared  to  o th e rs , c lo se r to  th e  b o u n d a rie s  o f 
th e  b a s ic  s te re o g ra p h ic  t r ia n g le  ap p eared  to  have  a h ig h e r p la te a u  
s t r e s s .  T his is  m erely b ecau se  th e  PSBs observed  on th e i r  su rfa ce s  w ere 
few  in  num ber and e x te n t and  w ere g en era lly  le s s  p ronounced  even when 
fa tig u e d  a t  th e  h ig h e r  s t r a in  am p litu d es  given by w heels' W4-W5 (c^" s- 
0.8-1.1x10 ^). F igure  5.3(a) and  (b) a re  from specim ens C2 and  C7 
re sp e c tiv e ly  w hich w ere fa tig u e d  w ith  w heels W1-W4 up to  a  t a t a l  
cu m u la tiv e  s t r a in  am p litude  o f = 180 and shows th e  fo rm ation  o f v e ry  
sh a rp  th in ly  p o p u la ted  and g e n e ra lly  le ss  pronounced  PSBs a f te r  th is  
fa t ig u e  co n d itio n . [N. B. The d a rk  c o n tra s t  seen  to w ards th e  le f ts id e  in  
fig . 5.3(b) is  due to  a s c ra tc h ]
F a tig u e  w ith  w heels W3-W5 w ith o u t th e  p r io r  s tra in  h a rd en in g  w ith  w heels
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W1 a n d /o r  W2, cou ld  n o t be  c a r r ie d  o u t because th e  na rro w  ends o f th e  
c ry s ta ls  u su a lly  gave way and  becam e b en t o r d is to r te d , in  some case s  
a f t e r  a few hu n d red  cycles.
PSBs, when form ed on two s e p a ra te  s lip  system s, g en e ra lly  w ere n o t fo und
in te rs e c tin g  each o th e r  and  e x is te d  alm ost in  th e  ch ecq u ered  reg io n s .
SEM m icrographs in  f ig s . 5.4 (a) and  (b) show th is  e ffe c t e x p lic itly .
T hese f ig u re s  a re  from  a th in  fo il  specim en of o r ie n ta tio n  E, fa tig u e d
-3 4a t  a  ta ta l  s t r a in  am plitude : 1.6x10 fo r  10 cycles. From th e
in sp e c tio n  of th e se  f ig u re s  i t  seem s th a t  th e  PSBs w hich a p p ea r to  be 
lin k e d  sm oothly r a th e r  th a n  in te rs e c t in g  one an o th e r. A t some o f th e se  
ju n c tio n s , such  as a t  'p ' in  fig . 5.4(b), th e  PSBs a p p ea r to  be lin k e d  
th ro u g h  cu rved  segm ents w hich a p p ea r to  invo lve  th e  d if fe re n t  s l ip  
system s.
5:2:2. FATIGUED POLYCRYSTALLINE SPECIMENS.
From th e  fa tig u e  cycling  o f th e  p o ly c ry s ta llin e  specim ens, i t  h a s  been  
fo u n d  th a t  du ring  th e  e a r ly  s ta g e  fa tig u e  hard en in g  (ob serv ed  betw een  3 
and  4x10^ cycles) f in e  s l ip  l in e s  appeared  on th e  s u rfa c e s  o f th e  
specim ens in  m ost o f th e  g ra in s , th e i r  num bers and e x te n ts  (len g th s , 
w id th s , e tc.) v a ry ing  from  g ra in  to  g ra in . With f u r th e r  fa tig u e  cycling , 
some o f th e se  s lip  lin e s  d ev e lo p ed  in to  coarse  s lip  bands and  a f te r  
n e a r ly  10^ cycles, depend ing  upon th e  in i t ia l  fa tig u e  cycling  
co n d itio n s , PSBs w ere seen  em erging in  some of th e  g ra in s . The num ber o f 
g ra in s  becoming a c tiv e  fo r  PSBs depended upon th e  ap p lied  s t r a in  
am p litu d e  so th a t  w ith  th e  in c re a s e  o f th e  s t r a in  am plitude , an  in c re a se  
in  th e  num ber o f g ra in s  a c tiv e  fo r  PSBs was observed .
Som etim es, i t  was a lso  o b se rv ed  th a t  PSBs o rig in a te d  p re fe re n tia l ly  n e a r  
th e  g ra in  b o u n d arie s  as seen  in  fig s . 5.5(a) and (b). In some g ra in s
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PSBs on two d if f e r e n t  s lip  system s were a lso  o b serv ed  p re fe re n tia l ly  
lo c a te d  n e a r  g ra in  b o u n d a rie s . PSBs a sso c ia te d  w ith  th e  p rim ary  s lip  
system  how ever w ere found  to  be p redom inan t as re g a rd s  th e i r  num bers and 
e x te n ts  com pared to  th e  PSBs on th e  secondary  system s [fig s . 5.5(a) and 
(b)], PSBs have  n o t been  o b se rv ed  c ro ssin g  th e  b o u n d a rie s  o f th e i r  
p a re n t  g ra in s . The tw in  b o u n d a rie s  how ever show ed f re q u e n tly  th e  
p re sen c e  o f one to  one co rre sp o n d an ce  of PSBs a c ro ss  them . The reg io n s  
bounded  by (th ese) tw in  b o u n d a rie s  looked more fa v o u ra b le  fo r  th e  
fo rm atio n  and developm ent o f PSBs com pared to  th o se  o f th e  o th e r  g ra in s . 
The fa tig u e d  specim ens w ere g iven  a s h o r t e le c tro p o lish  to  rem ove th e  
su r fa c e  s lip  and w ere f u r th e r  fa tig u e d  to  see  th e  p e r s is te n t  n a tu re  of 
PSBs. I t  was o b serv ed  th a t  th e  PSBs did re a p p e a r  a f te rw a rd s  b u t  w ith  a 
s l ig h tly  d if fe re n t f in e  d e ta il .
The ro u g h n ess  p ro f ile  o f PSBs was rev ea led  in  more d e ta i l  on SEM 
m icrog raphs, w here th e  p re sen c e  o f e x tru s io n s  (and in tru s io n s )  cou ld  
e a s ily  be seen. F ig u re  5.6(a) show s one end o f a PSB n e a r a  g ra in  
b o u n d ary  w here a s a w -to o th  sh ap e d  ro u g hness p ro f ile  can  be seen . In  th is  
case  th e  PSB-m atrix in te r fa c e  is  o f p a r t ic u la r  in te re s t .  The h e ig h ts  o f 
th e  e x tru s io n s  a t  th e  in te r fa c e  (tow ards r ig h t  o f PSBs) a re  sm alle r 
com pared w ith  th e i r  n e ig h b o u rin g  c o u n te rp a r ts . The su rfa c e  p a t te rn  lo o k s 
m ore un ifo rm  and w ell o rg a n ised  n e a r th e  low er end (i.e. to w ard s  th e  
g ra in  boundary) th a n  away from  it .
F ig u re . 5.6(b) shows (com para tive ly ) a  sh o r te r  PSB in te r l in k in g  a  la rg e r  
and  w ell-p ro n o u n ced  one a t  an  ang le  o f a 90 deg rees. The b ig g e r PSB, a t  
th e  low er p a r t  o f th e  f ig u re  i s  lo ca ted  c lose  and p a ra l le l  to  a  g ra in  
b o u n d ary  enclosing  a  la rg e  g ra in  (of size s  800 jum). The sh ap e  o f th e  
m ain PSB ap p ea rs  to  change a t  th e  ju n c tio n  o f th e  PSBs. The ro u g h n ess  
p ro f i le  o f th e  main PSB a p p e a rs  to  co n sis t o f f a ir ly  len g th y  e x tru s io n s
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(and in tru s io n s )  w h ereas a t  th e  ju n c tio n  o f th e  PSBs, a  s ig n if ic a n tly  
d if f e r e n t  p ro f ile  is  seen  w ith  a  n o tc h -p e ak  to p o g ra p h y  o f a s h o r te r  
p e rio d . In th e  in te r l in k in g  (s h o r te r)  PSB, a bend can  a lso  be seen  ju s t  
above th e  la rg e r  one. The n o tc h -p e a k  to p o g rap h y  o f th e  s h o r t  PSB 
ap p e a rs  again , to  be d if f e r e n t  from  th a t  of th e  main PSB. F igu re  5.6(c) 
show s PSBs n e a r  a  b o u n d ary  o f a la rg e  g ra in  (of size  a 1mm), lo c a ted  a t  
th e  edge o f a  m o n o cry sta llin e  specim en o f C7 o r ie n ta tio n . This b o u n d ary  
m ight be a  tw in  bou n d ary  show ing an alm ost one to  one co rre sp o n d an ce  in  
th e  fo rm atio n  o f PSBs a c ro ss  i t .  The crow ding (o r th e  p re fe re n tia l  
in i t ia t io n s )  o f PSBs a t  th e  b o u n d ary  is  a lso  a p p a re n t in  th is  f ig u re . 
The g e n e ra l su rfa ce  to p o g ra p h y  o f PSBs again  show s a q u a s i-p e r io d ic  
v a r ia t io n  of th e  su rfa c e  ro u g h n ess  w ith  a  sh a rp  d is c o n tin u ity  
(ap p a ren tly ) a t  th e  b o u n d ary  i ts e lf .
5:3. TRANSMISSION ELECTRON MICROSCOPE OBSERVATIONS.
5:3:1. FATIGUED THIN FOIL SPECIMENS OF ORIENTATION U.
(i) SPECIMEN FI.
This specim en was fa tig u e d  a t  a c o n s ta n t to ta l  s t r a in  am plitude: 
1.4X10  ^ fo r  10 cycles.
F ig u res  5.7(a) to  (d) show some m icrographs from  th is  specim en. The 
d is lo c a tio n  s t ru c tu re  show s p a r t ly  some c lu s te r in g  o f d is lo c a tio n  loops 
in to  bun d les  and p a r t ly  some ill-d e f in e d  w alls. Some in te ra c t io n s  o f 
d is lo c a tio n s  ap p ea r to  form  su b -b o u n d a rie s  lik e  th a t  seen  a t  'p ' in  fig . 
5.7(d). This su b -b o u n d a ry  a p p e a rs  to  be p a ra l le l  to  tra c e s  o f th e  
p rim ary  s lip  p lane  and  seem s to  p ro v id e  b a r r ie r s  to  g lid in g  
d is lo c a tio n s . S u b -b o u n d aries  o f  such  an ap p earan ce  w ere how ever v e ry  
ra re . F igure  5.7(c) show s th e  fo rm ation  o f w a ll- lik e  c lu s te rs  o f 
d is lo c a tio n s  ly ing  ro u g h ly  norm al to  th e  ±[011] d ire c tio n . An average
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sp ac in g  o f th e se  r a th e r  und ev elo p ed  w alls is  ap p ro x im a te ly  in  th e  ran g e  
betw een  1.5-1.6/iim. The a n a ly s is  h a s  shown th e  p re sen c e  o f a t  le a s t  fo u r  
B urgers  v e c to rs  in  th e se  s t ru c tu re s  w hich a re : ±a/2 [O il], ±a/2 [Ï01], 
±a/2 [O il] o r  ±a/2 [110] and  ±a/2 [101].
(ii) SPECIMENS F2, F3.
T hese specim ens w ere  fa tig u e d  a t  a c o n s ta n t to ta l  s t r a in  am plitude: 
1.4X10 ^ fo r  10^ cycles.
F ig u re  5.8 show s a  la d d e r  s t r u c tu r e  o f PSBs su rro u n d e d  by th e  m a trix  
s t r u c tu r e  c o s is tin g  o f dense  loop  p a tch es  o f d is lo c a tio n s  in  specim en 
F2. F ig u res  5.8(a), (b) and (d) a re  from  a d jacen t a re a s  o f th e  specim en 
and show  a w ell d e fin ed  la d d e r  s t ru c tu re  w ith  w ell o rg an ised  w alls. The 
w alls  o f th e  la d d e r  en c lo se  th e  channels  w hich a re  alm ost c le a r  o f 
d is lo c a tio n s . These ch an n e ls  how ever show some m iso rie n ta tio n s  in  
d if f e r e n t  p a r ts  o f th e  lad d e r. The average  w all sp ac in g  o f th e  la d d e r  is  
s  1.4fim. F igure  5.8(c) show s th e  m atrix  s t ru c tu re  in  th e  su rro u n d in g  
reg io n  o f th e  la d d e r . The d is lo c a tio n  s t ru c tu re  a p p e a rs  to  be com posed 
o f loop  p a tch e s  w hich a p p ea r m ostly  in te r lin k e d . Some o f th e se  loop  
p a tc h e s  look  fa i r ly  is o la te d  and  a re  in te rs p e r s e d  w ith  some is o la te d  
d en se  b u n d les  o f d is lo c a tio n s . From th e  B urgers v e c to r  an a ly s is  i t  h as  
been  found  th a t  th a t  th e  p rim ary  s lip  system  BIV is  p red o m in an t in  th e  
la d d e rs . The o th e r  B urgers v e c to rs  found  are ; ±a/2 [O il] and ±a/2 [110] 
o r  ±a/2 [O il].
F ig u res  5.8(e) and  (f) show ty p ic a l m icrographs from  specim en F3. The 
o v e ra ll  d is lo c a tio n  s t ru c tu re  show s th e  p resence  o f some dense i r r e g u la r  
w alls  w hich a re  a lig n ed  norm al to  more th a n  one s lip  d ire c tio n . Some of 
th e  ch an n e ls  be tw een  th e se  w alls  ap p ea r to  c o n ta in  a  num ber o f 
d is lo c a tio n s . T here  a re  some reg io n s  which g ive th e  ap p earance  o f a
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m iso rien ted  ce ll s t ru c tu re . At le a s t  fo u r  B urgers  v e c to rs  h ave  been  
fo u n d  w ith  ap p rox im ate ly  e q u a ll abundance  in  th i s  s t ru c tu re . They a re , 
±a/2 [Î01], ±a/2 [O il], ±a/2 [101] and  ±a/2 [O il].
( iii)  SPECIMEN F4.
T his specim en was fa tig u e d  a t  a  to ta l  (c o n s tan t)  s t r a in  am plitude , 
1.6X10 ^ fo r  10^ cycles.
The d is lo c a tio n  s t ru c tu re s  seen  in  fig s . 5.9(a)-(e) a re  from  reg io n s  o f 
th e  specim en w hich had  su rfa c e  ap p ea ran ce  as seen  in  fig . 5.9(g) w hich 
is  an  o p tic a l m icrograph  o f th is  specim en, show ing PSBs on two d if f e r e n t  
s l ip  system s. The main s e t  o f PSBs lie s  on th e  p rim ary  s lip  p lan e  
B /( l l l)  and  m akes an  angle  o f a b o u t 45 d eg rees w ith  th e  ten s io n  ax is  fo r  
fa tig u e  w hile  th e  o th e r  s e t  o f co m p ara tiv e ly  s h o r t  PSBs lie s  on th e  
c r i t ic a l  s lip  p lan e  A /(ïll) . F ig u res  5.9(a) and (b) show  some o f th e  
ty p ic a l d is lo c a tio n  s t ru c tu re s  from  th i s  specim en from  reg io n s  n e a r  'p ' 
o f fig . 5.9(g). As seen  in  th is  f ig u re , th e  a re a  o f th e  d isc  s tu d ie d  was 
p red o m in an tly  occupied  by th e  PSBs on th e  c r i t ic a l  s lip  p lan e  (111). 
F ig u res  5.9(a) and  (b) co n ta in  sm all la d d e rs  m ost p ro b ab ly  ly ing  on th e  
p rim ary  p lan e  (111). This la d d e r  is  su rro u n d e d  by a v e in  ty p e  
d is lo c a tio n  s t r u c tu r e  w ith  ch an n e ls  a lm ost c le a r  o f d is lo c a tio n s . M ostly 
th e  p rim ary  s lip  system  ( ll l ) [ l0 1 ]  was found  to  be p redom inan t in  th e se  
la d d e rs . F ig u res  5.9(c) and (d) a re  from  a reg io n  w here th e  c r i t ic a l  
s l ip  system  a p p ea rs  to  be more a c tiv e  th a n  th e  p rim ary  s lip  system . The 
PSBs ap p ea r to  have  th e  u su a l la d d e r  type  d is lo c a tio n  s tru c tu re . The 
ru n g s  o f th e  la d d e rs  how ever a p p ea r to  v a ry  in  th e i r  w id ths and  
a p p ea ran ce  from  la d d e r  to  la d d e r  as seen  in  th e  d if f e r e n t  p a r ts  o f th e se  
f ig u re s . Tow ards th e  le f ts id e  in  fig . 5.9(c) tw o la d d e rs , one o f them  
w ide and th e  o th e r  narrow , a p p ea r to  be g rouped  to g e th e r  by th e  channel
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b o u n d a rie s  (a f te r  Woods 1973) w hich  a p p ea r a lm ost p e rp e n d ic u la r  to  th e  
w a lls  o f th e  la d d e rs . The a c tiv e  B u rgers  v e c to r  fo und  in  th e se  la d d e rs  
is  ±a/2 [101] o r ±a/2 [110]. A n o th e r la d d e r  ty p e  d is lo c a tio n  s t r u c tu r e  
o f PSBs is  seen  to w ard s  th e  r ig h ts id e  o f fig . 5.10(c) and to w ard s  
le f ts id e  o f fig . 5.9(d). In  th e s e  f ig u re s  i t  seem s th a t  a com plex 
p a t te rn  o f dense w alls  show a ten d en cy  o f ce ll fo rm ation . These w alls  
from  w hich some o f them  a re  il l-d e f in e d , ap p ea r to  be made up  o f 
segm ents w hich v a ry  in  d ire c tio n  and  e x te n t b u t jo in  v e ry  sm ooth ly  w ith  
one a n o th e r . The segm ents o f th e s e  w alls  ap p ea r to  be o r ie n te d  in  th e  
d if f r e n t  d ire c tin s . The M atrix  s t r u c tu r e  in  th e  reg io n  betw een  th e  tw o 
s e ts  o f la d d e rs  in  fig . 5.9(c) h a s  a som ew hat d if f e re n t  ap p ea ran ce  from  
th a t  o f th e  m a trix  s t ru c tu re  to w a rd s  th e  r ig h t  s id e  o f th e  Id d e r in  fig . 
5.9(d). The fo rm er ap p ea rs  to  be c h a ra c te r is e d  by loop p a tch  ty p e  o f 
d is lo c a tio n  s t ru c tu re  w hich c o n s is ts  o f fa ir ly  is o la te d  dense  b u n d les  o f 
d is lo c a tio n s  in  c o n tra s t  to  th e  v e in  ty p e  m atrix  s t r u c tu r e  seen  in  th e  
l a t t e r  case. The ch an n e ls  be tw een  th e se  loop p a tch e s  a p p ea r to  be c le a r  
o f d is lo c a tio n s . The w all sp ac in g  o f th e  la d d e rs  h as  an averag e  v a lu e  o f 
a b o u t 1.48#im. Some o f th e  B u rg ers  v e c to rs  found  in  th is  specim en are : 
±a/2 [101] o r  ±a/2 [110] and  ±a/2 [Î01] o r ±a/2 [Î10].
(iv) SPECIMEN F 5 ."------  ----- -------------  -  — —
T his specim en was fa tig u e d  a t  a  c o n s ta n t to ta l  s t r a in  am p litude , 
1.4X10 ^ fo r  10^ cycles fo llow ed  by 5 x 10^ cycles a t  a  ta ta l  s t r a in  
am p litude , 1.9X10
F ig u re  5.10 show s some TEM m icro g rap h s from th e  specim en (fa tig u e d  a t  a 
co m p ara tiv e ly  h ig h  to ta l  s t r a in  am plitude  as  g iven  above). F ig u res  
5.10(a) and (b) show th e  d is lo c a tio n  s t ru c tu re s  from  th is  specim en a t  a 
lo w er m agn ifica tion  th a n  th o se  o f fig s . 5.10(c) to  (f). The o v e ra ll
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d is lo c a tio n  s t ru c tu re  seem s to  be o f a  h y b rid  ty p e , c o n s is tin g  o f some 
v e ry  i ll-d e f in e d  and  i r r e g u la r  la d d e rs  in te r s p e r s e d  by loop p a tc h e s  
w hich a re  fa ir ly  is o la te d  and , an  e lo n g a ted  ce ll ty p e  s t ru c tu re  w ith  
some m iso rie n ta tio n s  seen  p a r t ic u la r ly  in  fig . 5.9(f). The w alls  a p p e a r  
m ostly  to  be cu rv ed  o r  k in k ed  and  a p p ea r to  lie  norm al to  d if fe re n t  s lip  
d ire c tio n s s . In th e se  w alls, th e  s l ip  system s o f th e  p rim ary  (111) and 
th e  co n ju g ate  (III) s lip  p la n es  w ere found  to  be a c tiv e , p red o m in an tly  
th e  p rim ary  s lip  system . The av e rag e  w all spac ing  v a r ie s  from  1 .0 -1 .3^m. 
Some o f th e  reg io n s  bounded  by th e  dense  w alls an d /o r c e lls  a p p ea r q u ite  
c le a r  o f d is lo c a tio n s  w hile  o th e rs  co n ta in  a v e ry  sm all d is lo c a tio n  
d e n s ity . The ce ll w a lls  a re  m ostly  p a ra l le l  to  <110> ty p e  d ire c tio n s . 
The e lo n g a ted  ce lls  a re  ap p ro x im a te ly  1.9jLcm x 0.7pim in  size w hile  fo r  
n e a r ly  equ iaxed  c e lls  th e  av erag e  size  o f th e  ce lls  is  s  0.9fim. The c e ll 
s t r u c tu r e  ap p ea rs  to  be ev o lv ed  o u t of th e  d ip o la r  w alls  by th e i r  
m o d ifica tio n s  th ro u g h  en hanced  seco n d ary  s lip  in tro d u c e d  by fa tig u e  o f 
th e  specim en a t  th is  s t r a in  am plitude .
5:3:2. TEM OBSERVATIONS: FATIGUED POLYCRYSTALLINE THIN FOILS. 
F ig u re  5.11 shows a ty p ic a l d is lo c a tio n  s t r u c tu r e  in  a  g ra in  o f 
com m ercial p u r ity  specim en fa tig u e d  a t  a to ta l  c o n s ta n t s t r a in  
am p litu d e , 1.4x10  ^ f o r  1.2x10^ cycles. F igu re  5.11(a) show s an exam ple 
o f th e  w ell defined  la d d e r  s t r u c tu r e  a sso c ia te d  w ith  th e  PSBs su rro u n d e d  
by a  m atrix  w hich is  m ostly  a  v e in  ty p e  s t ru c tu re  o f  th e  d is lo c a tio n s . 
The la d d e r  s t ru c tu re  c o rre sp o n d s  to  th e  PSBs a sso c ia te d  w ith  th e  p rim ary  
s lip  system  ( l l l ) [ l0 1 ] .  In th e  su rro u n d in g  reg io n s  o f th e  la d d e rs  seen  
in  fig . 5.11(d), some w all segm ents w hich a re  m ostly  cu rv ed  a p p ea r to  
form  a  ce ll-w a ll ty p e  d is lo c a tio n  s t ru c tu re .  F igu re  5.11(b) show s th e  
w all ty p e  o f d is lo c a tio n  s t r u c tu r e  seen  in  fig . 5.11(a) a t  a  h ig h e r
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m agnifica tion . The w alls  o f th e  la d d e r  a re  p a ra lle l ,  w ell develo p ed  and  
f a ir ly  s tra ig h t  in v o lv in g  p re d o m in an tly  th e  p rim ary  s lip  system . The 
c h an n e ls  of th e se  w alls  a re  n o t com pletely  f r e e  o f d is lo c a tio n s  b u t 
in s te a d  con ta in  a  low d is lo c a tio n  d e n s ity , m ost p ro b ab ly  th e  d is lo c a tio n  
d e b r is  in  them. An av e rag e  w a ll sp ac in g  of th e se  la d d e rs  is  as 1.46 nm. 
The d is lo ca tio n  s t r u c tu r e  o f th e  m a trix  show n in  f ig s  5.11(e)-(h) is  
from  th e  su rro u n d in g  re g io n s  o f  th e  la d d e rs  seen  in  fig s . 5.11(a)-(d) 
Eind resem bles a  v e in  ty p e  s t r u c tu r e .  These b u n d les  o r  loop  p a tc h e s  seem 
to  l ie  p a r t ly  norm al to  th e  p rim ary  [Î01] and p a r t ly  norm al to  th e  
seco n d ary  [O il] s l ip  d ire c tio n s . F ig u re  5.12 show s some m icrog raphs from  
a  few  g ra in s  o f a  p o ly c ry s ta l l in e  specim en o f p u re  co p p er fa tig u e d  a t  a 
com parative ly  h igh  s t r a in  am p litu d e : 1.9x10 ^ fo r  1.5x10^ cycles. The 
d is lo c a tio n  s t ru c tu re s  fo u n d  in  th i s  specim en a lso  v a r ie d  from  g ra in  to  
g ra in . A la b y rin th  ty p e  d is lo c a tio n  s t ru c tu re  show n in  fig . 5.12(a) and  
(b) an d  a cell ty p e  d is lo c a tio n  s t r u c tu r e  shown in  fig s . 5.12(c) and  (d) 
w ere found  f re q u e n tly  in  th is  specim en. A lthough  la d d e r  ty p e  d is lo c a tio n  
s t r u c tu r e  a sso c ia te d  w ith  PSBs w as n o t r a re  even. F ig u res  5.12(a) and  
(b) show  (010) o r ie n ta t io n  o f  a g ra in  show ing a  la b y r in th  ty p e  
d is lo c a tio n  s t ru c tu re  w ith  w a lls  ro u g h ly  norm al to  ±[100] and ±[001] 
d ire c tio n s . One s e t  o f th e s e  w a lls  is  p redom inan t in  one reg io n  and  th e  
second  " se t in  th e  o th e r , w ith  an  av e rag e  w all sp ac ing  s  0.6 pm. In some 
p a r t s  o f th e  w all s t r u c tu r e  th e  c h an n e ls  betw een th e  w alls  a re  f r e e  o f 
d is lo c a tio n s  w hile o th e rs  a p p e a r  to  be con g ested  w ith  d is lo c a tio n s  o f  a t  
l e a s t  two B urgers v e c to rs  w hich  a re : ±a/2 [Ï01] and  ±a/2 [101] o r  ±a/2
[110]. The p resence  o f th e  c h an n e l d is lo c a tio n s  can be seen  more c le a r ly  
in  fig . 5.12(d) w hich is  a h ig h e r  m ag n ifica tio n  m icrograph  o f a  p a r t  o f 
t h a t  in  fig . 5.12(a). F ig u re  5.12(e) show s a  v e in  ty p e  d is lo c a tio n  
s t r u c tu r e  in  a  d if f e r e n t  g ra in  o f  th e  specim en. The ch an n e l w id th  o f
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th e se  v e in s  is  s  l.Opm. F ig u re  5.12(f) shows th e  d is lo c a tio n  s t ru c tu re  
co n ta in in g  some d en se ly  sp aced  la d d e rs  ly ing  on th e  p rim ary  s l ip  p lan e
(111). These la d d e rs  en c lo se  a  reg io n  w hich c o n ta in s  sm all in te r l in k in g  
b u n d les  o f d is lo c a tio n s  re sem b lin g  narrow  w a ll- lik e  loop  p a tch e s . The 
p rim ary  s lip  system  a p p e a rs  to  be p redom inan t in  th e  la d d e rs . F igure  
5.12(d) show s a  c e ll  ty p e  d is lo c a tio n  s t r u c tu r e  w ith  some 
m iso rie n ta tio n s  among th e  c e lls . The d is lo c a tio n  s t r u c tu r e  c o n ta in s , 
pairtly  some n ea rly  e q u iax e d  and  p a r t ly  some e lo n g a ted  c e lls . Most o f th e  
ce ll w alls  a re  ro u g h ly  p a r a l le l  to  <110> type  d ire c tio n s . Some segm ents 
o f th e  w alls  o f th e  e lo n g a ted  c e lls  a lso  a p p ea r to  be  a lig n ed  ro u g h ly  
norm al to  <100> ty p e  d ire c tio n s . F or th e  eq u iax ed  c e lls , th e  av erag e  
size  o f th e  ce ll s t r u c tu r e  is  = 0.6pm. The e lo n g a ted  w a lls  have  s im ila r 
w id th s  and a re  n e a r ly  1.5-2.0pm long.
5:4. DISCUSSION.
5:4:1. INTRODUCTION.
A lthough from  th e  p o in t o f v iew  o f th e  te ch n iq u e  u sed  and  th e  lim ited  
s tu d y  of th e  fa tig u e d  p o ly c ry s ta l l in e  specim ens, i t  i s  d if f ic u l t  to  g ive 
a  r ig o ro u s  in te rp re ta t io n  o f th e  r e s u lts ,  y e t i t  is  p o s s ib le  to  ex p la in  
some of th e  r e s u l ts  on th e  b a s is  o f th e  in fo rm atio n  p re v a ilin g  in  th e  
l i te r a tu r e  w hich is  now w ell docum ented. S ince th e  p o ly c ry s ta llin e  
specim ens u sed  had  a  la rg e  g ra in  size (tab le  5.1), t h e i r  b e h a v io u r  in  
fa tig u e  cycling  away from  g ra in  b o u n d a rie s  may be c o n sid e re d  s im ila r  to  
th a t  o f th e  s in g le  c ry s ta ls ,  p a r t ic u la r ly  fo r  fa tig u e  b e h a v io u r  s tu d ie d  
in  th e  ran g e  o f th e  (e s tim a ted ) p la s t ic  s t r a in  am p litu d es  u sed  ( ta b le  
3.1) fo r  th e  p re s e n t w ork. I t  may th e re fo re  be re a so n a b le  to  assum e th a t  
th e  cyclic  s t r e s s  s t r a in  d a ta  o f p o ly c ry s ta ls  can  be  co n v e rted  
s a t is fa c to r i ly  to  th a t  o f th e  s in g le  c ry s ta ls  th ro u g h  th e  u se  o f th e
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Sachs fa c to r  (= 2.24) in  th e  low  ran g e  of p la s t ic  s t r a in  am plitudes. 
T his is  how ever an  a p p ro x im a tio n  w hich te n d s  to  become in v a lid  fo r  
p o ly c ry s ta ls  o f co m p ara tiv e ly  sm all g ra in  size and  fo r  specim ens 
fa tig u e d  a t  h ig h e r s t r a in  am p litu d es  w here th e  tw o css  cu rv es  s t a r t  
d ev ia tin g  s ig n if ic a n tly  from  each  o th e r  (M ughrabi e t  a l 1981, W inter e t  
a l 1981, R asm ussen e t  a l 1980). The su rfa c e  to p o g rap h y  o f th e  PSBs w ill 
be d iscu ssed  s e p a ra te ly  from  th e  o th e r  re s u lts .
5:4:2. DISCUSSION: THE SINGLE CRYSTAL SPECIMENS.
In th e  case o f s in g le  c ry s ta ls ,  s lip  lin e s  on tw o o r more s lip  system s 
o b serv ed  n e a r  th e  edges and  clam ps ap p ea r to  be th e  r e s u l t  o f some 
inhom ogeneous d is t r ib u t io n  o f th e  ap p lied  s t r e s s e s  o v e r th e  su rfa ce s  o f 
th e  specim ens d u rin g  fa t ig u e  cycling . [F or th is  re a so n  m ost o f th e  w ork 
has  been  done on s in g le  c ry s ta ls  u sing  m ainly th e  reg io n s  o f th e  
specim ens on o r  c lo se  to  th e  c e n tr a l  te n s i le  s t r e s s  a x is  w here a f a i r ly  
uniform  d is tr ib u tio n  o f s t r e s s e s  is  exp ec ted ].
The in i t ia t io n  o f PSBs a f te r  th e  s t r a in  h a rd en in g  s ta g e  and  a su b se q u e n t 
in c re a se  in  them  w ith  an  in c re a s e  in  th e  s t r a in  am p litude  ap p ea rs  to  be 
in  lin e  w ith  th e  re q u ire m e n ts  o f th e  two ph ase  model (W inter 1974) The 
ap p earan ce  o f f r e s h  PSBs a t  th e  b o rd e rs  of th e  p o lish ed  away PSBs may 
p o ss ib ly  bë  ^ ex p la in ed  in  te rm s o f  th e  u n d erly in g  d is lo c a tio n  s tru c tu re s .  
I t  is  g en e ra lly  a ccep ted  th a t  th e  ce ll s t ru c tu re  o f  d is lo c a tio n s  is  
h a rd e r  th a n  th e  la d d e r  s t r u c tu r e  s in ce  th e  fo rm er is  co n sid e red  to  be 
evo lved  o u t o f th e  l a t t e r .  T hus th e  t r a n s i t io n  o f th e  d is lo c a tio n  
s t ru c tu re  o f PSBs from  a s t r u c tu r e  dom inated by p rim ary  s lip  to  one w ith  
an in c re a se d  c o n te n t o f sec o n d a ry  d is lo c a tio n s  resem bling  a ce ll ty p e  
s t ru c tu re ,  in v o lv es  e s s e n t ia l ly  an in c re a se  in  th e  to ta l  cum ulative  
s t r a in  am plitude. I t  may th e re fo re  be q u ite  p o ss ib le  th a t  th e
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d is lo c a tio n  s t r u c tu r e  a s s o c ia te d  w ith  th e  in te r io r  s e c tio n s  o f th e  PSBs 
w ould have  changed  to  a c e ll  ty p e  s t ru c tu re  and hence  h ad  become h a rd e r  
th a n  th a t  a t  th e  PS B -m atrix  in te r fa c e s . This is  a lso  to  some e x te n t, 
in  acco rd  w ith  th e  f in d in g s  o f  F inney  and L aird  (1978) who su g g es ted  
th a t  th e  s t r a in  am p litu d e  v a r ie s  among PSBs (m acrobands) and  th a t  la rg e  
re g io n s  o f PSB rem ain  on ly  w eakly  ac tiv e . N ev erth e le ss  th e  r e s u l ts  
re p o r te d  h e re  su g g e s t v e ry  s tro n g ly  th a t  th e  main volum e o f some PSBs 
become h a rd en ed . P resum ably  i t  seem s th a t  a d d itio n a l seco n d ary  s lip  
cau se s  h a rd en in g  o f th e  o th e rw ise  s o f t ch an n e ls  o f th e  PSBs. The 
d is lo c a tio n  s t r u c tu r e ,  w h a te v e r  i t s  c o n fig u ra tio n  a t  th e  PSB -m atrix 
in te r fa c e , a p p ea rs  ho w ev er le s s  h a rd en ed  com pared w ith  th a t  o f  th e  
in te r io r  reg io n s  o f  th e  PSBs, as  th e se  in te r fa c e s  become th e  
p re fe re n t ia l  s i te s  f o r  th e  developm ent o f th e  PSBs, a s  seen  in  fig s  
5.1(d) and 5.2(a). T h is  may a r is e  from  lo ca lised  so fte n in g  due to  easy  
m ig ra tio n  o f v acan c ie s  o r  in te r s t i a l s  to  th e  m atrix  s t r u c tu r e  o r  by th e  
sw eeping  o u t e f fe c t  o f th e  d is lo c a tio n  d eb ris  to  th e  su rfa c e  o f th e  
specim en.
The fa c t  th a t  th e  specim ens co u ld  n o t be fa tig u e d  w ith  h ig h e r s t r a in  
am p litu d e  w heels, W3 to  W5 (e^ = 0.2 to  1.1x10 ^) w ith o u t a p r io r  s t r a in  
h a rd en in g , a p p ea rs  to  be re la te d  to  th e  so f tn e ss  o f th e  m a te ria l as  a 
r e s u l t  o f an n ea lin g  w here  a  la rg e  in i t ia l  am plitude  ben d s th e  specim en 
p e rm an an tly  w h ils t th e  sim ple  th e o ry  und erly in g  re v e rs e  bending  assum es 
on ly  th e  e la s t ic  s t r a in .
As re g a rd s  TEM o b s e rv a tio n s , i t  sh o u ld  be p o in te d  o u t th a t  in s p ite  o f 
th e  f a c t  th a t  th e  o r ie n ta t io n  U (o f specim ens u sed  fo r  th e  TEM stu d y ) 
was n o t fo r  s in g le  s l ip  on ly  and  b a s ic a lly  a som ew hat d if f e re n t  fa tig u e  
te s t in g  te ch n iq u e  w as u sed , th e  r e s u l ts  o b ta in ed  from  th e  fa tig u e d  
specim ens a p p ea r to  be rem ark ab ly  sim ple. U nder th e  ex p erim en ta l
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l im ita tio n s , th e se  r e s u l ts  can  be e a s ily  and s a t is fa c to r i ly  ex p la in ed  
and  c la s s if ie d  in to  th e  th re e  reg im es o f th e  cyclic  s t r e s s - s t r a in  cu rv e  
o f co p p er s in g le  c ry s ta ls  (fig . 2.1). The w ell d e fin ed  la d d e r s t ru c tu re  
fo u n d  g e n e ra lly  in  th e  fa tig u e d  specim ens (such  as th a t  seen  in  
specim ens F3 and  F4) a p p e a rs  to  be re la te d  to  PSBs invo lv ing  tw o 
d if f e r e n t  s l ip  syatem s. G en era lly  th e  d is lo c a tio n  s t ru c tu re  h a s  th e  
a p p ea ran ce  o f tw o d is t in c t  p h a se s  as su g g es ted  by th e  tw o phase model of 
W inter (1973, 1974), nam ely th e  s o f te r  p h ase  o f PSBs in te rsp e rse d  w ith  
th e  h a rd e r  p h ase  o f th e  m a trix  s t ru c tu re .  The av erag e  w all spac ing  o f s  
l.SjLim fo u n d  in  th e se  specim ens is  how ever som ew hat d if fe re n t from  th e  
v a lu e  o f = 1.4jnm re p o r te d  by W inter (1974). T his d iffe ren c e  how ever may 
be due  to  an in accu racy  o f m easurem ent ta k in g  in to  accoun t th e  
r e la t iv e ly  sm all num ber of la d d e rs  m easured . The fo rm atio n  o f la d d e rs  on 
tw o d if f e r e n t  s lip  p lan es  in  specim en F4, g en e ra lly  in  se p a ra te  reg io n s  
in d ic a te s  th a t  each  s lip  system  h as  th e  ten d en cy  to  o p e ra te  
in d ep en d en tly . The la d d e rs  fo u n d  in  reg io n s  w here PSBs on tw o s lip  
sy stem s in te r s e c t  a re  m odified  to  accom m odate th e  a c tiv ity  o f th e  
o p e ra tin g  s lip  system s in  a m ore o r  le s s  hom ogeneous m anner [as  seen  in  
f ig s . 5.9(c) and  (d)]. The h y b rid  ty p e  o f d is lo c a tio n  s t ru c tu re  o f 
re g u la r  w alls  and  c e lls  [seen  in  fig . 5.10] p ro b ab ly  show s th e  e v o lu tio n
o f  a  c e ll s t r u c tu r e  o u t o f th e  w all s tru c tu re , due  to  fa tig u e  o f th e
-3 -3,specim en a t  a  h ig h e r  am p litu d e  (1.4x10 fo llow ed  by 1.6x10 ). The
re s u l t s  in  g en e ra l su p p o rt th e  su g g es tio n  o f Ackerm ann e t  a l (1984) who
h av e  su g g es ted  th a t  th e  p la te a u  regim e o f th e  c ss  cu rv e  can be f u r th e r
su b d iv id e d  in to  tw o ran g es  o f am p litu d es  (m entioned in  C h ap ter 2). The
t r a n s i t io n  from  th e  d is lo c a tio n  s t ru c tu re s  in  ran g e  I (y^^ ^ 2x10 ^)of
th e  s t r a in  am p litude  to  th o se  o f  ran g e  II [y^^ ^ 2x10 ^ up  to  th e  end o f
p la te a u ] , as o b se rv ed  in  th e  p re s e n t  w ork, h as  been  a t t r ib u te d  to  th e
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in c re a s in g  secondary  s l ip  w ith  in c re a s in g  s t r a in  am plitude . In  ran g e  II 
th e re fo re  a s ig n if ic a n t e v o lu tio n  o f m ic ro s tru c tu re  o ccu rs  d u rin g  
s a tu r a t io n  w hich cou ld  le a d  to  th e  o v e ra ll ce ll s tru c tu re .
5:4:3. DISCUSSION: THE POLYCRYSTALLINE SPECIMENS.
The in i t i a l  s tag e  o f cy c lic  d e fo rm a tio n  is  th e  s tag e  o f s t r a in  h a rd en in g  
fo r  an n ea led  m a te ria ls  and  (in  some cases) a s t r a in  so ften in g  fo r  
p re - s tr a in e d  specim ens (M ughrabi 1978, 1985). The in i t ia t io n , and in  
some case s  crow ding, o f PSBs n e a r  g ra in  b o u n d arie s  su g g es t th a t  th e se  
b o u n d a rie s  p ro v id e  th e  n u c lé a tio n  s i te s  fo r  a t  le a s t  some o f th e  PSBs. 
The c o n s tra in ts  im posed by tw in  b o u n d a rie s  ap p ea r to  a s s is t  in  th e  
n u c lé a tio n  o f PSBs in  th e  n e ig h b o u rin g  g ra in s .
The rea p p ea ra n ce  o f PSBs a f t e r  e lec tro p o lish in g  w ith  fu r th e r  fa tig u e  
show s th e  p e r s is te n t  n a tu re  o f  th e s e  bands and th a t  th e y  have  th e i r  
o r ig in s  in s id e  th e  specim ens. A s l ig h t  change in  th e  su rfa c e  geom etry  o r 
sh ap e  o f th e  PSBs w hich re -em erg ed  w ith  a f u r th e r  fa tig u e  a f te r  
e le c tro p o lish in g , h as  b een  a t t r ib u te d  to  th e  e x is ten ce  o f th e  a c tiv e  
m icrobands in s id e  th e  m acrobands (main PSBs) w hich a re  p a r tly , o r 
som etim es to ta lly , p o lish e d  aw ay so  th a t  th e  re -em erg ing  PSBs have 
s l ig h tly  d if fe re n t ap p ea ran ce  (L a ird  e t  a l 1981).
The g ra in s  in  w hich PSBs a re  n o t form ed and rem ain in a c tiv e  a p p ea r n o t 
to  b e  su ita b ly  o r ie n te d  fo r  easy  s lip  u n d er th e  ap p lied  s t r a in  
am p litude . The in a c tiv e  g ra in s  how ever m ust deform  p la s t ic a lly  to  
accom m odate th e  n e ig h b o u rin g  g ra in s  w ith  PSBs. This is  lik e ly  to  in v o lv e  
m u ltip le  s lip  from  an e a r ly  s ta g e  w ith  th e  fo rm ation  o f d if f e r e n t  
d is lo c a tio n  s tru c tu re s . The s t r e s s e s  in v o lv ed  th e re fo re  could  be h ig h e r. 
The in c re a se  in  th e  num ber an d  e x te n t  o f PSBs once form ed, w ith  a  
f u r th e r  in c re a se  o f th e  a p p lie d  s t r a in  am plitude  (e^) ap p ea rs  to
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accom m odate th e  a p p lie d  s t r a in  am p litu d e  as re q u ire d  by th e  two p h ase  
m odel o f W inter (1974).
The f a c t  th a t  PSBs do n o t c ro ss  th e  g ra in  b o u n d a rie s  may be due to  
c o n s tr a in ts  im posed by th e se  b o u n d a rie s . This is  p ro b ab ly  due to  th e  
m iso rie n ta tio n s  o f th e  r e la t iv e  g ra in s  w hich b lo ck  th e  p ro p ag a tio n  o f 
s l ip  a c ro ss  th e  g ra in  b o u n d a rie s .
The ty p e s  of d is lo c a tio n  s t r u c tu r e  found  in  th e  TEM s tu d y  o f th e  
fa tig u e d  specim ens (u sed  in  th e  p re s e n t work) a re  a lre ad y  w ell re p o rte d . 
T h ere  may be some d if fe re n c e  b ecau se  o f th e  d iffe ren c es  in  th e  fa tig u e  
cyclin g  te ch n iq u e , w hich  m ight h av e  some e ffe c t on th e  secondary  
d is lo c a tio n  c o n te n t th ro u g h  th e  a c tiv a tio n  o f th e  secondary  s lip
system s, even in  th e  e a r ly  s ta g e  o f low am plitude fa tig u e . The d if fe re n t 
s t r u c tu r e s  found  in  th e s e  specim ens in c lu d e  th e  la b y r in th  s t ru c tu re , th e  
c e ll  ty p e  s t ru c tu re  an d  th e  la d d e r  s tru c tu re . In some cases  h y b rid  ty p e  
o f d is lo c a tio n  s t r u c tu r e s  a re  a lso  seen  which can be co n sid ered  to  be a 
m ix tu re  o f two o r  m ore d is lo c a tio n  s tru c tu re s  m entioned  above. These
s t r u c tu r e s  w ill be  d isc u sse d  b r ie f ly  one by one.
(i). LABYRINTH STRUCTURE.
The 'la b y r in th ' o r  'maze' s t r u c tu r e  in  i t s  s im p lest form  is  a  re g u la r  
p a t te r n  o f d is lo c a tio n  w alls  p e rp e n d ic u la r  to  th e  tw o <100> ty p e  
d ire c tio n s  and was f i r s t  fo u n d  by C harsley  (1979, 1981) on a
c o p p e r-n ic k e l a llo y  and  h a s  been  re p o r te d  su b seq u en tly  by Rasm ussen e t  
a l (1980) in  p o ly c ry s ta l lin e  co p p er and by J in  e t  a l (1984) in
cy c lic a lly  deform ed co p p er c ry s ta ls  o f [001] o r ie n ta tio n . The spacing  of
th e s e  w alls  h as b een  re p o r te d  to  be a l.Ofim in  a llo y s  (C harsley  1981), =
o .7 ^ m  in  p o ly c ry s ta llin e  co p p er (W inter e t  a l 1981) and bi 0.52/nm in
s in g le  c ry s ta ls  o f co p p er (J in  e t  a l 1984). In th e  p re se n t w ork th e
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av e rag e  w all sp ac ing  h a s  been  fo u n d  to  be s  0.61/im fo r  p o ly c ry s ta llin e  
co p p er. This v a lu e  ag rees  f a i r ly  w ell w ith  th e  o th e r  m easurem ents fo r  
p u re  copper w ith in  th e  lim its  o f th e  ex p erim en ta l tech n iq u es  and 
accu racy  o f m easurem ents.
C h ars ley  (1981) h as  in d ic a te d  th a t  th e  fo rm ation  o f th e  la b y r in th  ty p e  
w a lls  is  th e  r e s u l t  o f m u ltip le  s lip  o f a t  le a s t  two g ro u p s of 
d is lo c a tio n s  dom inated  by m u tu a lly  p e rp e n d icu la r  B urgers v e c to rs  w hich 
g lid e  on d if fe re n t  s l ip  p la n es . This ap p ea rs  to  be ju s t if ie d  by th e  
p re sen c e  o f th e  B urgers v e c to r s  found  in  th is  ty p e  o f d is lo c a tio n  
s t r u c tu r e  w hich a re , ±a/2 [Ï01] and ±a/2 [101] o r ±a/2 [110]. W inter e t  
a l  (1981) have su g g es ted  th a t  th e  la b y r in th  s t ru c tu re  is  in a c tiv e  on th e  
g ro u n d s  th a t  in  th e  specim ens th e y  s tu d ie d  th e re  was alw ays a  la rg e  
enough  volum e f ra c t io n  o f PSBs to  accoun t fo r  th e  im posed p la s t ic  s t r a in  
am p litu d es, assum ing th a t  th e  w hole volum e was fu lly  ac tiv e . Had th is  
s t r u c tu r e  been  a c tiv e , th e n  th e  volum e fra c tio n  o f th e  so f t m a te ria l 
(PSBs) would have  been  h ig h e r  th a n  th e  two p h ase  model su g g ests . I t  is  
how ever d if f ic u l t  to  decide  a b o u t th e  tru e  n a tu re  o f th is  a sp ec t from  
th e  p re s e n t  r e s u lts .
(ii). CELL STRUCTURE.
The c e ll  s t ru c tu re  h a s  g e n e ra lly  been observ ed  to  c o n s is t o f s lig h tly  
m iso rien ted  c e lls  fo und  f re q u e n tly  in  th e  fa tig u e d  p o ly c ry s ta llin e  
specim ens in  g en e ra l and in  s in g le  c ry s ta ls  fa tig u e d  a t  h ig h e r s t r a in  
am p litu d es, in  regim e C, in  p a r t ic u la r .  I t  is  now w ell known th a t  th e  
fa t ig u e  ce ll s t ru c tu re  in  co p p er [as  th a t  seen  in  fig . 5.12(d)] is  
fo rm ed  in  reg io n s  o f h ig h  s l ip  a c t iv i ty  on m u ltip le  s lip  system s w ith  
th e  c e ll  w alls m ostly  p a ra l le l  to  <110> type  d ire c tio n s . (M ughrabi 1985)
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(iii). LADDER STRUCTURE.
As seen  in  fig . 5.11(b),(d) and  5.12(f), some w ell d e fin ed  la d d e rs  
in v o lv in g  p red o m in an tly  th e  p rim ary  s lip  system  w ere found  in  some o f 
th e  g ra in s  o f th e  fa tig u e d  po ly  c ry s ta ll in e  specim ens, th o u g h  accom panied 
to o  by some dense w all segm ents invo lv ing  th e  seco n d ary  s lip  system s. 
T his is  p ro b ab ly  b ecau se  th o s e  g ra in s  were o r ie n te d  fo r  m u ltip le  s lip . 
The g ra in  size  a p p ea rs  to  be a  s ig n if ic a n t f a c to r  w hich c o n tro ls  th e  
sh ap e  and d im ensions o f th e  la d d e rs  s in ce  c o n s tra in ts  o f g ra in
b o u n d a rie s  on th e  g lid in g  d is lo c a tio n s  d u rin g  fa tig u e  a re  ex p ec ted  to  
in c re a se  w ith  a  d ecrease  in  th e  size of th e  g ra in s  and  v ice  v e rsa . 
W inter e t  a l (1981) h av e  show n from  th e ir  w ork on fa tig u e d  co p p er th a t  
w ell developed  PSBs e x is t  in  th e  in te r io r  g ra in s  a t  even a sm all
f r a c t io n  o f th e  fa tig u e  l ife . They have a lso  su g g es ted  th a t  PSBs w hich 
a re  narrow  reg io n s  (in  p o ly c ry s ta llin e  m ate ria l) p a ra l le l  to  {111}
p la n es  a re  id e a lly  s u ite d  to  m inim ise th e  accom m odation s t re s s e s  and to  
a llow  th e  PSBs to  s u f fe r  p la s t ic  defo rm ation  in d ep en d en t o f th e  e la s tic  
m a trix  su rro u n d in g  them . A ccording to  th e se  a u th o rs , th e  w all sp ac in g  o f 
PSBs w hich c o n tro ls  th e  o p e ra tin g  s t r e s s  am p litude  o f PSBs is  n o t
s ig n if ic a n tly  d if f e r e n t  from  th a t  in  s ing le  c ry s ta ls . T his a sp e c t 
a p p ea rs  to  be ju s t i f ie d  by th e  p re se n t fin d in g s  ( ta b le  5.3).
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5:4:4. SURFACE TOPOGRAPHY OF PSBs.
The ro u g h n ess  p ro f ile  o f th e  p e r s is te n t  s l ip  b ands is  known to  be 
re la te d  to  th e  i r r e v e r s ib i l i ty  o f th e  cyclic  s lip  d u rin g  th e  fa tig u e  
cycling  p ro cess . I t  h a s  been  o b se rv ed  th a t  a t  in te rm ed ia te  s t r a in  
am p litu d es, s lip  becom es con fined  e s s e n tia l ly  to  PSBs which becom es 
ir r e v e rs ib le  to  a  la rg e  e x te n t in  th e  sen se  a  s lip  d u rin g  fo rw ard  and  
re v e rse  s tra in in g  does n o t n e c e s sa r ily  ta k e  p lace  on th e  same atom ic 
p lan es , p a r t ic u la r ly  fo r  c ry s ta ls  o f m oderate  o r  h ig h  s tack in g  f a u l t  
energy  (Essmann 1982). I t  is  l ik e ly  t h a t  u n d e r r e a l is t ic  co n d itio n s , a  
c o r re la tio n  e x is ts  betw een some o f th e  fo rw ard  and  backw ard s lip  s te p s
i.e. cyclic  s lip  c o n s is ts  o f a re v e rs ib le  and an i r r e v e rs ib le  com ponent. 
The f ra c tio n  o f th e  ir r e v e r s ib le  p a r t  of th e  cyclic  s lip  h as  been  
d e riv e d  by Woods (1973) who re la te d  th e  d e s tru c tio n  o f sh o r t  range o rd e r  
in  a  Cu-Al a llo y  by fa tig u e  to  th e  ir r e v e rs ib le  p o rtio n , p
o f th e  p la s t ic  re so lv e d  s h e a r  s t r a in  am plitude, y^p  The va lu e  o f 'p ' 
was found  to  be in  th e  ran g e  o f 0.1 s  p < 0.2.
M ughrabi (1985) w hile  p u ttin g  fo rw ard  a model fo r  fa tig u e  c ra ck  
in i t ia t io n  a t  PSBs in  f.c.c. m eta ls , h a s  a lso  a t t r ib u te d  th e  ro u g h n ess  
p ro f ile  o f th e se  ban d s to  some ty p e  o f i r r e v e r s ib i l i ty  of s lip  w hich 
g iv es  r is e  to  th e  in i t ia t io n  o f so  ca lled  s ta g e  I sh ea r c ra ck s  
p re fe re n tia l ly  a t  th e  s i te s  o f th e  em erging PSBs. More re c e n tly  
Essm ann, Gosele and  M ughrabi (1985) have p ro p o sed  a se m i-q u an tita tiv e  
in te rp re ta t io n  o f th e  ev o lu tio n  o f th e  su rfa ce  p ro f ile  o f emerging PSBs 
w hich is  b ased  d ire c tly  on th e  d is lo c a tio n  p ro c e sse s  occuring in  th e  
b u lk  (Essmann e t  a l 1981). A ccording to  th is  model, th e  a n n ih ila tio n  o f 
p a ir s  o f u n lik e  screw  d is lo c a tio n s  and o f na rro w  edge d is lo c a tio n  
d ip o le s  c o n s t i tu te  tw o d is t in c t  ty p es  of i r r e v e rs ib i l i ty .  The fo rm er 
le a d s  to  th e  u n re v e rse d  s lip  s te p s  a t  th e  su rfa c e  and  th e  l a t te r  to  th e
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accum ula tion  o f a  f a i r ly  h igh  s te a d y  s ta te  c o n ce n tra tio n  o f vacancy  ty p e  
d e fe c ts  [o r  th e y  cou ld  be o f in te r s t i a l  type] in  th e  specim en. As a 
consequence  th e  accum ula tion  o f th e  re v e rse d  s lip  s te p s  g ives r is e  to  
th e  e v o lu tio n  o f a ro u g h n ess  p ro f i le  in  a random  m anner. A s im ila r  
v iew p o in t may a lso  be u sed  to  ex p la in  th e  n o tc h -p e ak  to p o g rap h y  o f th e  
PSBs ob serv ed  in  th e  SEM m icrog raphs. From th e  v e ry  ap p earan ce  o f th e  
v a r ia t io n  in  th e  su rfa c e  to p o g rap h y  o f PSBs in  d if f e r e n t  g ra in s  o r 
s in g le  c ry s ta l  specim ens, i t  may be rea so n ab le  to  say  th a t  th e  ro u g h n e ss  
p ro f i le  o f a PSB is  p e c u lia r  to  th e  u n d erly ing  s in g le  o r  m u ltip le  s l ip  
system s. A ccordingly  th e  saw to o th  ty p e  shape o f th e  PSBs o b serv ed  in  
th i s  w ork m ight be a  r e s u l t  o f th e  a c tiv a tio n  o f m u ltip le  s lip  ystem s. 
The seco n d ary  s l ip  m ight be p lay in g  an im p o rtan t ro le  in  th e  o v e ra ll  
p ro c e ss  o f th e  ev o lu tio n  o f th e  n o tch  peak  topo g rap h y . S im ilarly  th e  
long  rib b o n  lik e  e x tru s io n s  (o r in tru s io n s )  may be th e  r e s u l t  o f th e  
dom inance o f th e  s in g le  (g en e ra lly  th e  prim ary) s l ip  system  in  th e se  
PSBs.
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CHAPTER 6.
LOW AMPLITUDE FATIGUE OF THE INDENTED SPECIMENS.
6:1. INTRODUCTION.
In th i s  C h ap ter th e  e f fe c t  o f su rfa c e  damage, in  th e  form  of 
in d e n ta tio n s  on th e  su b se q u e n t fa tig u e  cycling b e h av io u r o f s in g le  
c ry s ta ls  is  ex p lo red . P o ly c ry s ta llin e  specim ens a re  n o t be ing  d iscu ssed  
b ecau se  th e y  a re  ju s t  th e  a g g re g a te s  o f g ra in s  o f d if f e r e n t  o r ie n ta tio n s  
b e tw een  ne ig h b o u rin g  g ra in s  and  in d e n ta tio n s  in  them  become to o  com plex. 
S ing le  c ry s ta l  specim ens o f a  few  o r ie n ta tio n s  have  been  u sed  fo r  th is  
s tu d y .
R egard ing  th e  su rfa c e  o b se rv a tio n s  o f th is  e ffe c t, much w ork h a s  been  
done e a r l ie r  as re p o r te d  by W hite (1984) on s in g le  c ry s ta ls  o f co p p er 
and  by  H arris  (1988) on s in g le  and  p o ly c ry s ta ls  o f alum inium . In th e  
p re s e n t  s tu d y  how ever on ly  a lim ited  am ount o f w ork h a s  been  done on 
fa tig u e d  sin g le  c ry s ta l  specim ens a f te r  in d e n ta tio n s .
B ulk specim ens o f o r ie n ta tio n s  C l, C3, C5 and C7 have been  u sed  fo r  th e
in d e n ta tio n s  and th e i r  su b se q u e n t fa tig u e  a t  low c o n s ta n t to ta l  s t r a in
am p litu d es  given  by th e  w heels W1 -  W5 (tab le  3.1). Only a  few o f th e
m icrog raphs have been  se le c te d  to  show th e  ty p ic a l r e s u l ts  o f in te r e s t .
W hereas some o f th e  specim ens w ere in d en ted  b e fo re  fa tig u e , a  few  o f
them  w ere in d en ted  a f te r  a c e r ta in  am ount o f fa tig u e  sp ec if ie d  by th e
to ta l  cum ulative  s t r a in  am p litu d e  g iven  by e „  = S4 N e , , w here N isX ,cum . L
th e  num ber o f cycles and is  th e  to ta l  s t r a in  am p litude  used . A ll th e  
m icro g rap h s r e s u l t  from  100 gm in d e n ta tio n s . The fa tig u e  cycling  
c o n d itio n s  a re  v e ry  s im ila r to  th o se  sum m arised in  ta b le  5.2. I t  sh o u ld  
be p o in te d  o u t th a t  e le c tro p o lish in g  o f th e  specim ens h a s  th e  e f fe c t  o f 
d e c rea s in g  th e  th ick n ess ,* t’ o f th e  specim en [w hich depends upon  th e  
tim e and  th e  co n d itio n s  o f e le c tro p o lish in g ]  th e rb y  d ec rea s in g  th e
es
ap p lied  to ta l  s tra in  am p litu d es  o f th e  w heels g iven  by e q u a tio n  3.1. F o r 
TEM stu d y , a few specim ens o f U (C3) and E (C7) o r ie n ta t io n s  w ere 
in d e n te d  w ith  30 o r 100 gm lo a d s  and  fa tig u e d  a t d if f e r e n t  to ta l  s t r a in  
am p litu d es  given by w heels th e  W1-W5 (tab le  3.1), fo r  d if f e r e n t  num ber 
o f cycles. The d e ta i ls  o f th e  specim ens reg ard in g  in d e n ta tio n  lo a d s , 
ap p rox im ate  a reas  an d /o r re g io n s  ex p lo red  a round  th e  in d e n ta tio n , th e i r  
ap p rox im ate  d ep th s  from  th e  in d e n te d  s id es  o f th e  specim ens an d  The 
B urgers  v ec to rs  found  in  th o se  re g io n s  a re  sum m arised in  ta b le  6.1. 
W hereas th e  specim ens fa tig u e d  fo r  a la rg e r  num ber o f cycles  w ere 
h e lp fu l fo r  a b e t te r  u n d e rs ta n d in g  o f th e  ac tiv e  s lip  system s, specim ens 
fa tig u e d  fo r  a  sm aller num ber o f  cycles were found to  be  a d v an ta g o u s  fo r  
th e  B urgars  v ec to rs  a n a ly s is  (a lth o u g h  th e  B urgers v e c to rs  in  th e  two 
case s  may n o t alw ays be th e  same). I t  was how ever n o ted  th a t  som etim es 
th e  re s id u a l c o n tra s t  o f th e  p rim ary  d is lo c a tio n s  d id  n o t m ake i t  
p o ss ib le  to  fin d  a ll  th e  a c tiv e  B urgers v e c to rs  p re s e n t in  th e  
d is lo c a tio n  s tru c tu re s ,  p a r t ic u la r ly  when th ey  were dense.
6:2. EXPERIMENTAL RESULTS : SURFACE OBSERVATIONS.
6:2:1. GENERAL RESULTS.
B efore desc rib in g  th e  r e s u l t s  o f in d iv id u a l specim ens, some fe a tu re s  
fo u n d  common to  a ll  o f them  a re  sum m arised below.
1. In  th e  early  s tag e  o f fa t ig u e  cycling o f co p p er s in g le  c ry s ta ls  
(ob se rv ed  a f te r  n e a rly  10^ cycles), i t  was observed  th a t  th e  s l ip  lin e s  
(due to  in d e n ta tio n  and  fa tig u e )  n e a r  an in d e n ta tio n  becam e more 
d is t in c t  and pronounced  th a n  in  re g io n s  lo ca ted  w ell aw ay s  2mm from  th e  
in d e n ta tio n s .
2. A round th e  in d e n ta tio n , s l ip  lin e s  became more p rono u n ced  and 
f re q u e n t (in abundance) g e n e ra lly  in  th o se  reg io n s  w hich had  a lre a d y
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f r e q u e n t s lip  tra c e s  due to  in d e n ta tio n s , w hich w ere g e n e ra lly  on th e  
p rim ary  s lip  p lan e  fo r  fa tig u e .
3. A fte r  th e  fa tig u e  h a rd e n in g  s ta g e  (as judged  by th e  in i t ia t io n  o f 
PSBs) i t  was o b se rv ed  th a t  PSBs in i t ia te d  m ore re a d ily  n e a r 
in d e n ta tio n s , com pared w ith  re g io n s  away from in d e n ta tio n s , re g a rd le s s  
o f th e  o r ie n ta tio n s  o f th e  specim ens and s t r a in  am p litu d e  v a lu e s  used .
4. The m ost fa v o u ra b le  reg io n s  o f in i t ia t io n  fo r  PSBs a ro u n d  
in d e n ta tio n s , th e i r  e x te n t  and  su rfa c e  topo g rap h y  w ere  fo u n d  to  v a ry  
from  specim en to  specim en.
5. W ith an in c re a se  o f th e  s t r a in  am plitude, PSBs n e a r  in d e n ta tio n s  
ap p ea red  to  in c re a se  in  t h e i r  num bers and e x te n ts .
6. In  some specim ens w hich w ere e le c tro p o lish e d  l ig h tly  a f te r  
in d e n ta tio n  and fa tig u e , PSBs ap p ea red  again  a f te r  f u r th e r  fa tig u e , in  
p o s itio n s  w hich ap p ea red  to  be id e n tic a l w ith  th o se  o f o r ig in a l bands.
6:2:2. RESULTS OBTAINED ON INDIVIDUAL SPECIMENS.
(i) SPECIMEN Cl.
F ig u re  6.1(a) show s PSBs a ro u n d  a 100 gm in d e n ta tio n  fa tig u e d  up to  a 
to t a l  cum ulative  s t r a in  am p litu d e  s  39, using  w heels W1-W3 w hile  fig . 
6.1(b) shows th e  same specim en b u t w ith  PSBs a ro u n d  a  d if f e r e n t  100 gm 
in d e n ta tio n  l ig h tly  e le c tro p o lish e d  a f te r  fa tig u e  w ith  w heels W1-W4 up 
to  a  to ta l  cum ulative  s t r a in  am p litu d e  s  97 and th e n  f u r th e r  fa tig u e d  up 
to  a  to ta l  cum ulative  s t r a in  am p litude  = 125.
When fa tig u e d  w ith  W3 i t  w as o b serv ed  th a t  PSBs in i t ia te d  f i r s t  on ly  in  
re g io n s  4 and 5 [fig . 6.1(a)] o f  th e  in d e n ta tio n  b u t l a t e r  on th e y  a lso  
ap p ea red  in  reg io n s  1 and  8 w hen fa tig u e d  f u r th e r  w ith  w heel W4 [fig . 
6.1(b)]. Regions 2, 3, 6 and  7 how ever appeared  to  be sc a rc e  o f PSBs 
a f t e r  th is  am ount o f fa tig u e . Some iso la te d  sh o r t PSBs w ere a lso  p re s e n t
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in  n e a r  reg io n s  o f th e  in d e n ta t io n  [fig . 6.1(b)]. I t  is  a lso  n o te d  th a t  
th e re  ap p ears  to  be a  ten d en cy  o f  g roup ing  to g e th e r  o f PSBs in  re g io n s  4 
and  5 as com pared w ith  th e  o p p o s ite  reg io n s  1 and  8.
F ig u res  6.2(a)-(d) show some SEM m icrographs show ing PSBs and  th e i r  
s u rfa c e  ro u g h n ess  p ro f ile  n e a r  th e  in d e n ta tio n s . In fig s . 6.2(a) and 
(b), th e  specim en was fa tig u e d  w ith  w heels W1-W3 up to  a  to ta l  
cum ula tive  s t r a in  am p litude  a 226 b e fo re  m aking in d e n ta tio n  in  i t .  I t  
was th e n  e le c tro p o lish e d  l ig h t ly  and f u r th e r  fa tig u e d  w ith  W4 up  to  a  
to ta l  cum ulative s t r a in  am p litu d e  sê 424. F o r conven ience  o f re fe re n c e  
th is  s tag e  of fa tig u e  w ill be  c a lle d  co n d itio n  'A'.
In fig s . 6.2(c) and (d) th e  sam e specim en was ag a in  e le c tro p o lish e d  
lig h tly , to  rem ove th e  su rfa c e  s lip , and  th e n  in d e n te d  w ith  a  100 gm 
lo ad  a t  d if fe re n t p laces , i t  was th e n  fu r th e r  fa tig u e d  w ith  W4 up to  th e  
to ta l  cum ulative s t r a in  am p litu d e  bè 616. This s ta g e  o f fa tig u e  w ill be 
c a lled  co n d itio n  'B'.
The su rface  to p o g rap h y  o f th e  PSBs in i t ia te d  and developed  n e a r  th e  
in d e n ta tio n s  made u n d e r  th e s e  co n d itio n s  show ed some in te re s t in g  
v a r ia tio n s  o f th e  su rfa c e  ro u g h n e ss  w hich seem s to  be r e la te d  to  th e se  
co n d itio n s . The n o tch  p eak  to p o g rap h y  o f th e  PSBs in  fig s . 6.2(a) and 
(b) resem bles a s a w -to o th  sh ap e d  ro u g h n ess  p ro f ile , a p p a re n tly  show ing 
th e  p resence  o f b o th  e x tru s io n s  and in tru s io n s . The h e ig h ts  o f th e  
e x tru s io n s  in  th e se  f ig u re s  a p p e a r  g en era lly  q u ite  re g u la r  and p e rio d ic  
a long  th e  len g th s  o f th e  PSBs w hich  a re  w ell p ro n o u n ced  b u t q u ite  a  few 
in  num ber. The p e rio d ic ity  o f th e  e x tru s io n  h e ig h ts  as  e s tim ated  ro u g h ly  
from  th e se  f ig u re s  is  a 0.86 jim fo r  co n d itio n  'A' and  ^ 0.91 jitm fo r  
co n d itio n  'B' In  fig . 6.2(d) i t  a p p e a rs  th a t  PSBs a re  g re a te r  in  num ber 
and a re  m ainly g rouped  to g e th e r . For th e  re g io n s  n e a r  in d e n ta tio n , in  
th is  f ig u re  th e  s t r a in  seem s to  be more un ifo rm ly  d iv id ed  among th e
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d if fe re n t  s lip  b ands s in ce  th e  n o tch  peak  to p o g rap h y  is  le ss  enhanced  
th e re .
(ii) SPECIMEN OF ORIENTATION C3/U.
This specim en was a s in g le  c ry s ta l  specim en o f com m ercial p u r ity . 
In d e n ta tio n s  made in  th is  specim en w ere g en era lly  d is to r te d  in  sh ap e  (to  
some ex ten t)  p a r t ic u la r ly  in  re g io n s  hav ing  p o lish in g  p i ts  w hich w ere 
d eep e r an d /o r g re a te r  in  num ber as seen  in  fig . 6.1(c). On fa tig u e  
cycling  PSBs w hich em erged in  reg io n s  3, 4, 7 and  8, w ere g e n e ra lly  
sh a rp , (m ostly) is o la te d  (s in g le  as  com pared to  g rouped) and a p p a re n tly  
le s s  fragm ented  ex cep t th o se  form ed v e ry  c lo se  to  th e  in d e n ta tio n s . 
[N.B. The in d e n ta tio n  seen  in  fig . 6.1(c) w as g iven  a l ig h t  
e le c tro p o lish  b e fo re  f u r th e r  fa tig u e  w ith  w heels W1-W4 up to  a  to ta l  
cum ulative  s t r a in  am p litu d e  s  223]. I t  is  a lso  n o ted  th a t  PSBs a re  much 
c lo se r  to  th e  in d e n ta tio n  and  even  g re a te r  in  num bers, in  reg io n s  7 and  
8 as  com pared to  th o se  in  th e  o p p o site  reg io n s  3 and  4, w hile  th e  
rem ain ing  reg io n s  a p p ea r a lm o st devo id  of PSBs.
A few  th in  fo il  specim ens p re p a re d  from  s in g le  c ry a ta ls  o f 03 
o r ie n ta tio n  w ere a lso  u sed  fo r  su rfa c e  o b se rv a tio n s . In  th e se  specim ens, 
s h o r t  PSBs ly ing  on th e  c r i t ic a l  s l ip  p lan e  (111) h av e  a lso  been  
o b serv ed  a longw ith  th e  m ain s e t  o f PSBs on th e  p rim ary  s lip  p lane  (111). 
The co rresp o n d in g  o p tic a l m icrog raph  is  shown in  fig . 6.6(h) [a longw ith  
th e  re le v a n t TEM m ic ro g rap h s] fo r  th e  c o rre la tio n  o f th e  su rfa c e  
fe a tu re s  w ith  th e  in te r io r  d is lo c a tio n  s tru c tu re s .
(iii)  SPECIMEN 04.
F ig u re  6.3(a) shows an  SEM m icrograph  o f PSBs n e a r  a  co rn e r o f an 
in d e n ta tio n  ly ing  on th e  p rim ary  s lip  p lane  (111). T h is h a s  ap p ea red  to
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be h a rd  o r ie n ta tio n  fo r  fa tig u e  cycling  m erely b ecau se  a  smaill g ro u p  o f 
a few  s h o r t  and fragm en ted  PSBs w ere seen  n e a r  a  c o m e r o f th e  
in d e n ta tio n  a p a r t  from  s im ila r  o nes n e a r  clam ps even  a f te r  fa tig u e  w ith  
w heels  W1-W4 up to  a  to ta l  cu m u la tiv e  s t r a in  am p litu d e  s  298. A f u r th e r  
ev idence  to  th is  e f fe c t  may be t h a t  PSBs h av e  been  o b serv ed  only  in  th e  
d iag o n a l reg io n  3/4. H ow ever some a d d itio n a l c o a rse  s l ip  bands w hich 
a lso  l ie  on th e  p rim ary  s lip  p la n e  (111) can a lso  be seen  among th e  main 
PSBs in  th is  f ig u re  [fig . 6.3(a)]. I t  is  n o ted  th a t  th e  ap p earan ce  o f 
frag m en ted  PSBs seen  in  th e se  f ig u re s  resem bles som ew hat a  saw  to o th  
sh ap ed  su rfa ce  ro u g h n ess  p ro f ile .
(iv) SPECIMEN 05.
F ig u re  6.1(d) is  an  o p tic a l m icrog raph  w hich show s PSBs a round  a  100 gm 
in d e n ta tio n  made in  a  specim en o f th is  o r ie n ta tio n . T his specim en was 
fa tig u e d  w ith  w heels W1-W5 up to  a to ta l  cum u la tiv e  s t r a in  am p litude  s  
196. In  fig  6.1(d) b o th  s h o r t  and  long  segm ented PSBs can be seen  in  
re g io n s  1, 4, 5 and  8 ly ing  on th e  p rim ary  s lip  p lan e . PSBs in  reg io n s  4 
and  5 a re  how ever much c lo se r  to  th e  in d e n ta tio n  (% 6-10 fim) th a n  th o se  
in  reg io n s  1 and  8 (s 12-18 fim). Some s h o r t  segm ented  and  grouped  PSBs 
a re  p re s e n t in  reg io n s  2 and 3 ly in g  on th e  p rim ary  s lip  p lane  w hile  
re g io n s  6 and  7 a p p ea r to  be dev o id  o f PSBs. F ig u res  6.1(e) and (f) show 
em ergence o f PSBs n e a r  in d e n ta tio n s  w hich h ad  been l ig h tly  
e le c tro p o lish e d  a f te r  fa tig u e  w ith  w heels W1-W4 up  to  a  to ta l  cum ula tive  
s t r a in  am plitude  = 196 and  w ere f u r th e r  fa tig u e d  w ith  w heel W4 fo r  8 x 
10^ cycles. F ig u res  6.1(e) and (f) show, to  some e x te n t  th e  e ffe c t o f 
d ec rea se  o f s t r a in  am p litude  (s 8-10 %, due to  a  d e c rea se  in  th ic k n e ss  
o f th e  specim en by e le c tro p o lish in g  and s l ig h tly  lo o sen in g  of th e  g r ip s  
a t  th e  narrow  end) on th e  fo rm atio n  o f PSBs n e a r  in d e n ta tio n s . I t
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a p p ea rs  th a t  w ith  a  d e c rea se  , In  th e  s t r a in  am plitude , PSBs p re s e n t 
p r io r  to  e le c tro p o lish in g  do n o t become com pletely  a c tiv e  w ith  f u r th e r  
fa tig u e . F resh  PSBs w hich resem b le  v e ry  sh a rp  and  deep  s lip  tra c e s  from  
ap pearance , seem to  be in i t ia te d  c lo se  to  th e  o ld  PSBs (th o se  p re s e n t 
b e fo r  e le c tro p o lish in g ) , m ostly  in  reg io n s  4 and 5 o f th e  in d e n ta tio n . 
A fte r e lec tro p o lish in g  and  f u r th e r  fa tig u e  th e  re g io n s  2, 3, 6 and  7 
a p p ea red  devoid  o f PSBs.
F ig u re  6.3 (b) is  an  SEM m icrog raph  and show s th e  su rfa c e  ro u g h n ess  
p ro f ile  o f th e  PSBs n e a r  th e  in d e n ta tio n . [F ig u r 6.3(c) is  o f a  h ig h e r 
m agn ifica tion  from  a  p a r t  o f (b)]. The PSBs in  th e s e  m icrog raphs ap p ea r 
h ig h ly  fragm ented  b u t a re  o th e rw ise  w ell p ronounced  and w ell o rg an ised .
(v) SPECIMEN C7.
Only tw o cases have  been  s e le c te d  from  th is  specim en, in  th e  f i r s t  case, 
[fig . 6.1(g)], th e  specim en was in d e n te d  a f te r  fa tig u e  w ith  w heels W1-W4 
up to  a to ta l  cu m u la tiv e  s t r a in  am plitude  & 186 and  th e n  f u r th e r  
fa tig u e d  w ith  w heel W4 fo r  3 x 10^ cycles. I t  h a s  been  fo und  th a t  PSBs 
d id  in i t ia te  n e a r  in d e n ta tio n s  re g a rd n ess  o f th e  in i t ia l  fa tig u e  
h ard en in g  o f th e  specim en. In  th i s  case  th e  PSBs in i t ia te d  in  reg io n s  4 
and 5 re g a rd le ss  o f th e  f a c t  t h a t  s lip  lin e s  due to  in d e n ta tio n  made in  
th e  fa tig u e d  specim en w ere m ore f re q u e n t (in abundance) and  w ell 
p ronounced  in  reg io n s  2 and  3 in s te a d  of reg io n s  4 and 5 o f th e  
in d e n ta tio n . The PSBs form ed how ever ap p ea red  m ostly  s h o r t  and 
fragm ented  and w ere q u ite  a  few  in  num ber.
F o r th e  second case  [fig . 6.1(h)], th e  same (above m entioned) specim en 
was again  g iven  a  s h o r t  e le c tro p o lish  (a f te r  fa tig u e )  and f u r th e r  
fa tig u e d  w ith  w heel W4 fo r  1.9 x 10^ cycles. I t  was found  th a t  PSBs 
ag a in  em erged from  alm ost t h e i r  o rig in a l c o n fig u ra tio n s  in  th e  same
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re g io n s  4 and 5 o f th e  in d e n ta tio n  leav in g  a l l  th e  o th e r  reg io n s  a lm ost 
in a c t iv e  fo r  PSBs.
6:3. TRANSMISSION ELECTRON MICROSCOPE OBSERVATIONS.
(i) ORIENTATION U, SPECIMEN IF l.
The specim en was in d e n te d  w ith  a  100 gm lo ad  and fa tig u e d  a t  a  to ta l  
s t r a in  am plitude  o f 1.4X10 ^ fo r  100 cycles.
F ig u res  6.4(a)-(f) show some TEM m icro g rap h s from  d if f e r e n t  reg io n s  
a ro u n d  th e  in d e n ta tio n . F ig u re  6.4(a) is  from  reg io n  6, fig s . 6.4(b)-(e) 
a re  from  reg io n s  7 and  8 w hile  fig . 6.4(f) is  from  th e  bo u n d ary  reg io n  
1/8 o f  th e  in d e n ta tio n . In a l l  th e s e  f ig u re s , ex cep t fig . 6.4(f), some 
d en se  w alls  a p p ea r to  form  c h an n e ls  w ith  a  low er d is lo c a tio n  d en sity . 
A lthough  some p a r ts  o f th e se  f ig u re s  a p p ea r q u ite  f re e  o f d is lo c a tio n s , 
m ost p a r t s  a p p ea r to  co n ta in  a  co n s id e ra b le  num ber o f in d iv id u a l 
d is lo c a tio n s  and p ro b ab ly  some d is lo c a tio n  d e b ris  as  w ell. Some o f th e  
d a rk  c o n tra s t  seen  in  th e se  f ig u re s  may be due to  s t r a in  c o n tra s t  and 
m ost p ro b ab ly  in d ic a te s  th e  - p re sen c e  o f re s id u a l s t r e s s e s  due to  th e  
in d e n ta tio n . In fig . 6.4(f) in s te a d  o f w alls, a  n e tw o rk  o f tan g led  
d is lo c a tio n s  hav in g  B urgers  v e c to rs  (predom inan tly ): ±a/2 [101] o r  ±a/2
[110] and  ±a/2 [O il] a p p ea rs  to  l ie  on th e  c r i t ic a l  p lane  (111) in  
re g io n  1 (and p a r t ly  reg io n  8) o f th e  in d e n ta tio n . The reg io n s  o f th e se  
f ig u re s  w here th e  d is lo c a tio n  s t r u c tu r e  a p p ea rs  to  g ive  way to  dense  
w a ll- lik e  g ro u p s o f d is lo c a tio n s  show  a  ty p ic a l w all spac ings ly ing  
betw een  1.3 and 1.6pm. The w all l ik e  g ro u p s o f th e  d is lo c a tio n s  a p p ea r 
to  l ie  ro u g h ly  p e rp e n d ic u la r  to  s l ip  d ire c tio n s  [101] and [101] o r  
[O il]. T his su g g es ts  th a t  th e  d is lo c a tio n  s t ru c tu re ,  w hich resem bles to  
some e x te n t  a  la d d e r , a p p ea rs  to  l ie  p red o m in an tly  on th e  p rim ary  (111) 
and  th e  c r i t ic a l  (111) s lip  p lan es .
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(ii) ORIENTATION U, SPECIMEN IF2.
T his specim en was in d e n te d  w ith  a  100 gm load  and fa tig u e d  a t  a  to t a l
-3 3s t r a in  am plitude o f 1.4x10 , f o r  5 x 10 cycles.
F ig u re  6.5(a) [w hich is  a  com posite  m icrograph] and  fig . 6.5(b) show  
some TEM m icrographs, re s p e c tiv e ly  from  reg io n s  3/4 (th e  b o u n d a ry  
reg io n ) and 5 o f th e  in d e n ta tio n . The s t r a in  am plitude  fo r  th is  specim en 
was how ever u n re lia b le  due to  p o o r ad h eso n  o f th e  specim en to  th e  beam, 
b u t th i s  was p ro b ab ly  only  t r u e  fo r  th e  l a te r  cycles and  is  n o t th o u g h t 
to  s ig n if ic a n tly  a f fe c t  th e  r e s u l ts .
From in sp ec tio n  o f th e  f ig s . 6.5(al)-(a3) i t  a p p ea rs  th a t  w a lls  o f 
d is lo c a tio n s  w hich a re  r a th e r  il l-d e f in e d , a p p ea r to  form  a 
c o n fig u ra tio n  resem bling  la d d e r  w ith  w all segm ents ly in g  ro u g h ly  norm al 
to  th e  p rim ary  s lip  d ire c tio n  [Ï01], w hile  some o f them  a lso  lie  ro u g h ly  
norm al to  th e  seco n d ary  s lip  d ire c t io n s , [110], [O il] e tc . The c h an n e ls  
o f th e s e  w alls a p p ea r a lm ost f r e e  o f d is lo c a tio n s  a p a r t  from  some 
c o n te n t o f sm all d is lo c a tio n  lo o p s . The d if fe re n t  s e ts  o f w alls how ever 
a p p e a r  to  occupy th e  s e p a ra te  re g io n s  ex cep t a t  t h e i r  ju n c tio n s  w here  
some o verlapp ing  e f fe c t  o f th e  tw o s lip  system s a p p ea rs  to  be fa v o u ra b le  
[a s  seen  in  th e  r ig h t  bo ttom  o f  fig . 6.5(al)]. The av erag e  sp ac in g  o f 
th e s e  w alls  v a r ie s  be tw een  1.25 and  1.45jiim (approx im ately). Well 
dev e lo p ed  m atrix  s t r u c tu r e  h o w ev er h a s  n o t been seen  in  th e  a re a s  
s tu d ie d . I t  may be p o ss ib le  t h a t  th e  accum ulation  o f  d is lo c a tio n s  in  
re g io n s  ad jacen t to  th e  w a ll- l ik e  g ro u p s  o f d is lo c a tio n s  m ight be g iv in g  
way, w ith  fu r th e r  fa tig u e , to  su ch  a  s t ru c tu re . F ig u re  6.5(b) ag a in  
show s some dense c lu s te r s  o f  d is lo c a tio n s  in  reg io n  3 o f  th e  
in d e n ta tio n . The d is lo c a tio n s  a p p e a r  to  form  th e  d ip o la r  (o r p o ss ib ly  
th e  m u ltip o la r) c o n fig u ra tio n s . The p rim ary  B urgers v e c to rs , ±a/2 [Ï01]
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and ±a/2 [110], h av e  been  fo u n d  m ost f re q u e n tly  in  th is  reg ion .
( iii)  ORIENTATION U, SPECIMEN IF3.
T h is specim en w as in d e n te d  w ith  a  100 gm lo ad  and  fa tig u e d  a t  a  to ta l
-3 4s t r a in  am plitude  o f 1.4X10 , f o r  10 cycles.
A few  TEM m icro g rap h s show ing  ty p ic a l d is lo c a tio n  s t ru c tu re s  from  th is  
specim en a re  g iven  in  f ig s . 6.5(c)-(d). These f ig u rs  a re  from  an a re a  o f 
th e  specim en from  re g io n  3 o f th e  in d e n ta tio n  w ith  a  fo il  norm al c lo se  
to  [O il]. From th e se  f ig u re s  i t  a p p ea rs  th a t  th e  long  dense  w alls  a re  
in te r l in k e d  w ith  loop  p a tc h e s  w hich m ight in  f a c t  be th e  in c lin e d  w alls 
o f d is lo c a tio n s . These d en se  w a lls , o r  p a r tly  some o f  th e i r  segm ents, 
a p p e a r  to  be ro u g h ly  p a r a l le l  to  <100> ty p e  d ire c tio n s . Most o f th e  
ch an n e ls  o f th e se  w a lls  a p p e a r  to  have a  co n s id e ra b le  c o n te n t o f 
d is lo c a tio n s  w ith  d if f e r e n t  B u rg e rs  v ec to rs  w hich  in c lu d e : ±a/2 [O il] 
and ±a/2 [Ï01] o r  ±a/2 [Î10]. These d is lo c a tio n s  a p p ea r to  h ave
p red o m in an tly  a screw  c h a ra c te r .  The average  w all sp ac ing  in  th is  
s t r u c tu r e  is  ap p ro x im a te ly  in  th e  ran g e  0.9 to  1.1pm.
(iv) ORIENTATION U, SPECIMEN IF4.
T his specim en was in d e n te d  w ith  a lOOgm lo ad  and  fa tig u e d  a t  a  to ta l
-3 4s t r a in  am plitude: 1.6x10 fo r  10 Cycles.
F ig u res  6.6(a)-(b) and (d)-(i) show  some TEM m icro g rap h s show ing ty p ic a l 
d is lo c a tio n  s t ru c tu re s  m ain ly  from  reg ions 1, 2 and  8 o f in d e n ta tio n  in  
th is  specim en. The c o rre sp o n d in g  o p tic a l m icrograph  show ing th e  su rfa c e  
to p o g rap h y  and  d is t r ib u t io n  o f PSBs around  th e  in d e n ta tio n  is  show n in  
fig . 6.6(c). From th e  o p tic a l  an d  TEM m icrographs, i t  can  be seen  th a t  
m ore th a n  tw o s e ts  o f PSBs a re  fo rm ed  n ear th e  in d e n ta tio n . The main s e t  
o f PSBs co rre sp o n d s  to  th o s e  on  th e  prim ary s lip  p lan e  fo r  fa tig u e  (111)
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and  th e  (o th e r) s e ts  o f co m p ara tiv e ly  s h o r t  PSBs l ie  on th e  con jugate
( I I I )  and  th e  c ro s s - s l ip  ( i l l )  p la n e s  re sp ec tiv e ly . The PSBs on th e  
c ro s s - s l ip  p lan e  a re  how ever on ly  a few in  num ber and  a re  confined  to  
th e  n arrow  reg io n s  o f th e  in d e n ta tio n  as seen  b e s t  in  fig . 6.6(c). From 
th e  in sp e c tio n  o f th e  TEM m icro g rap h s, i t  can  be seen  th a t  th e  p rim ary  
PSBs [m arked 'B /( l l l) ' in  f ig s . 6.6(b) and (d)], w hich c o n s ti tu te  th e  
m ain s e t ,  a re  w id er and  m ore p ronounced  th a n  th e  o th e r  s e t  o f
co m p ara tiv e ly  s h o r te r  and n a rro w e r  PSBs ly ing  on th e  c r i t ic a l  s lip  p lan e  
[m arked  ’A/(Ill)* in  th e se  f ig u re s ] . Each s e t  o f PSBs g en e ra lly  ap p ea rs  
to  rem ain  s e p a ra te . T here  a re  how ever reg io n s  w here th e se  s e ts  o f PSBs 
m eet and form  some s o r t  o f ju n c tio n s , e.g. a t  'p ' and  'q ' in  fig s .
6.6(b) and  (d). The d is lo c a tio n  s t ru c tu re  o f PSBs c o n s is ts  o f w ell
d e fin ed  and  w ell developed  la d d e rs  w ith  an av erag e  w all spacing  o f s  
1.48 pm w hich is  ap p ro x im a te ly  th e  same fo r  th e  tw o m ajor s e ts  o f 
la d d e rs . The a c tiv e  B urgers  v e c to r s  w hich ap p ea red  to  be more fre q u e n t 
a re  ± a/2 [ lo i ]  and  ± a/2 [101] o r  ±a/2 [O il]. A t th e  in te rs e c tin g  
re g io n  o f th e  la d d e rs , th e  d is lo c a tio n s  ap p ea r to  accum ulate  to  form  an 
i l l  d e fin ed  w a ll- lik e  g ro u p s  s e p a ra tin g  th e  reg io n s  o f th e  two s e ts  o f 
PSBs. F ig u re  6.6(e) is  from  a reg io n  c lose  to  t h a t  o f fig . 6.6(b) and 
(d) and  show s th e  m a trix  s t r u c tu r e  ty p ic a l o f a  reg io n  bounded by th e  
la d d e rs  co rre sp o n d in g  to  th e  tw o s e ts  o f PSBs. The d is lo c a tio n  s t ru c tu re  
(seen  in  th e se  f ig u re s )  show s a densely  p o p o u la te d  sp o tty  p a t te rn
com posed o f m ainly an  is o la te d  and  p a r t ly  condensed  loop  p a tch es . The 
ch an n e ls  o f th e  loop  p a tc h e s  a p p e a r  to  co n ta in  a co n sid e ra b le  co n ten t o f 
d is lo c a tio n s  w hich c o n s is ts  m ost p ro b ab ly  o f th e  d is lo c a tio n  d eb ris . 
F ig u re  6.6(f) is  from  reg io n  5 o f  th e  in d e n ta tio n  and  show s a  v e in  type  
m a trix  s t ru c tu re  w ith  a lm ost c le a r  channels . I t  is  n o te d  th a t  th is  type  
o f th e  d is lo c a tio n  s t r u c tu r e  is  a sso c ia te d  w ith  th e  reg io n  (5) o f th e
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in d e n ta tio n  w here  th e  PSBs l ie  p red o m in an tly  on th e  p rim ary  s lip  p lan e  
[see  fig . 6.6(c), re g io n  5]. F ig u re s  6.6(g) and (h) a re  from  reg ion  2 o f 
th e  in d e n ta tio n  and  show  p a r t ly  th e  p resen ce  o f tw o ty p es  o f w all 
a longw ith  th e  in te r s p e r s e d  p a r t ly  condensed  loop  p a tc h e s . One s e t  o f 
th e s e  w alls  su ch  a s  t h a t  ly in g  a t  th e  le f t  bo ttom  o f fig . 6.6(h) 
c o rre sp o n d s  to  (as b e fo re ) th e  la d d e r  s t ru c tu re  a s so c ia te d  w ith  th e  PSBs 
p red o m in an tly  on th e  p rim ary  s l ip  p lane. The o th e r  s e t  o f w alls seen  a t  
th e  r ig h t  bo ttom  o f  fig . 6.6(g) and  a t  top  r ig h t  c o m e r  o f fig . 6.6(h) 
c o n s is ts  o f r e la t iv e ly  lo n g e r w a lls  w hich do n o t a p p e a r  a ligned  p a ra l le l  
to  th e  fo rm er s e t  o f  w a lls , i.e . th e  w alls o f th e  la d d e r . The w alls  o f 
th e  la d d e r  s t r u c tu r e  eure ro u g h ly  norm al to  th e  p rim ary  s lip  v ec to r: ±a/2 
[Ï01] {or eq u a lly  ±a/2 [Ï10]} w hile  th o se  o f th e  o th e r  s e t  a re  ro u g h ly  
norm al to  ±[001] d ire c tio n . F ig u re  6.6(i) is  from  th e  ad jo in in g  reg io n  
to  t h a t  o f f ig s . 6.6(g) and  (h) w hich  shows a w ell d e fin e d  lad d e r, h as  
been  supp lem en ted  f o r  th e  com parasion  of th e  d if f e r e n t  ty p es  o f th e  
d is lo c a tio n  s t r u c tu r e  seen  in  th e se  f ig u res . These f ig u re s  in d ic a te  a 
v a r ia t io n  in  th e  d is lo c a tio n  s t r u c tu r e s  in  th e  d if f e r e n t  reg io n s  o f th e  
in d e n ta tio n .
(v) ORIENTATION E, SPECIMEN IF5.
This specim en was in d e n te d  w ith  a  30 gm load  and fa tig u e d  a t  a  to ta l  
s t r a in  am plitude  o f  1.4X10 ^ f o r  10^ cycles.
An o p tic a l m icrog raph  show ing th e  d is tr ib u tio n  o f p e r s is te n t  s lip  b ands 
a ro u n d  th e  in d e n ta t io n  in  specim en IF5 is  shown in  fig . 6.7(d). The 
fo rm atio n  o f tw o s e ts  o f PSBs can  be seen. The m ain s e t  o f PSBs w hich 
c o n s is t  o f f a ir ly  lo n g  and  w ell p ronounced  g roups o f  PSBs lie  on th e  
p rim ary  p lan e  (111) w h ile  th e  s e t  o f s h o r t  PSBs a lso  grouped  in  
ch eq u ered  reg io n s  among th e  m ain s e t  of PSBs lie s  on th e  c r i t ic a l  p lan e
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(111). In th e  v ic in ity  o f th e  in d e n ta tio n , th e  p rim ary  PSBs a p p ea r 
d o m inan t in  re g io n s  1, 2 and  8 w hile  th e  rem ain ing  reg io n s  a p p ea r to  be 
occu p ied  m ostly  by th e  PSBs co rre sp o n d in g  to  th e  seco n d ary  s lip  
sy ste rm s..
The a re a s  o f th e  reg io n s  1, 6, 7 and  8 s tu d ie d  w ere a t  a  d is ta n ce  in  th e  
ra n g e  o f 0.5-1.5d, w here  'd ' a 40 fim is  th e  av erag e  d iagonal le n g th  o f 
th e  30 gm in d e n ta tio n . The re g io n s  2, 3, 4 and  5 how ever w ere p o lish ed  
aw ay up  to  4.0-6.5d from  th e  c e n tre  o f th e  in d e n ta tio n .
F ig u re s  6.7 and  fig . 6.8 show a  few TEM m icrog raphs [ex cep t fig . 6.7(d) 
w hich  is  o p tic a l]  from  d if f e r e n t  reg io n s  o f th e  in d e n ta tio n . F igure  
6.7(a) is  from  th e  b o u n d ary  re g io n  1/2 o f th e  in d e n ta tio n  and show s two 
s e ts  o f la d d e rs  from  a (110) fo i l  o r ie n ta tio n  a t  a  low er m agn ifica tion  
and  fig . 6.7(b) is  o f a  h ig h e r  m ag n ifica tio n  o f a p a r t  o f th a t  in  fig . 
6.7(a). The main s e t  o f PSBs in  th e se  f ig u re s , c o n s is ts  of two la d d e rs  
s ta c k e d  to g e th e r , s e p a ra te d  by fragm en ts  o f d en se ly  packed m atrix  
s t r u c tu r e .  The w alls  o f th e  n a rro w  la d d e r  (ad jacen t to  th a t  o f th e  main 
s e t  o f PSBs) a p p ea r q u ite  re g u la r  and w ell d e fin ed . The w alls o f th e  
ad jo in in g  w ider la d d e r  how ever show some m o d ifica tio n s  in  th e  
a rran g em en t o f d is lo c a tio n  w alls  and ap p ea r to  be made up o f segm ents 
ly in g  ro u g h ly  norm al to  tr a c e s  o f th e  p rim ary  (111) and th e  c r i t ic a l  
s l ip  p lan e  (111), b u t  p red o m in an tly  on th e  p rim ary  p lane. The m atrix  
s t r u c tu r e  on th e  l e f t  s id e s  in  th e se  f ig u re s  a p p ea rs  to  be ty p ic a l o f 
re g io n s  dom inated  by s in g le  s lip . F igure  6.7(c) is  from  th e  same reg io n  
(1/2) o f th e  in d e n ta tio n  and show s th e  p re sen ce  o f m ore th a n  one B urgers 
v e c to r  in  th e  d is lo c a tio n  s t r u c tu r e  of th e se  reg io n s . T his f ig u re  show s 
a  m a trix  s t r u c tu r e  w hich seem s to  be ty p ic a l o f th e se  reg io n s . The 
d is lo c a tio n  s t r u c tu r e  c o n s is ts  o f m ostly  in te r l in k in g  loop  p a tch e s  and 
is  in te rs p e r s e d  w ith  w all segm ents w hich in v o lv e  th e  c r i t ic a l  and  th e
98
prim ary  s lip  p lan es . The c h an n e ls  o f th e se  w alls how ever a re  n o t a ll  
f r e e  o f d is lo c a tio n s , in s te a d  th e y  co n ta in  a p p a ren tly  long  in te r l in k in g  
screw  type  d is lo c a tio n s , p red o m in an tly  w ith  th e  B urgers v e c to rs : ±a/2
[110] o r  ±a/2 [O il]. The d is lo c a tio n  s t ru c tu re  in  fig . 6.7(e) is  from  
th e  d iag o n a l reg io n  7/8 and  show s th e  p resence  o f la d d e rs  b o th  on th e  
c r i t ic a l  and th e  p rim ary  s l ip  p lan es . The main la d d e r  how ever l ie s  on 
th e  c r i t ic a l  p lane. The ru n g s  o f th is  la d d e r ap p ea r to  be w ell d e fin ed  
b u t  th e  ch annels  o f th e se  w a lls  a p p e a r  to  be occupied  by a  la rg e  num ber 
o f d is lo c a tio n s . Some d a rk  c o n tr a s t  show ing sm all m iso rie n ta tio n s  can 
a lso  be seen  in  th is  f ig u re . T hese m iso rie n ta tio n s  a re  m ostly  a c ro ss  th e  
w a lls  o f th e  la d d e r  s t r u c tu r e  on th e  c r i t ic a l  sysytem . The d is lo c a tio n s  
seen  in  th e  ch an n e ls  h av e  B u rgers  v e c to rs  ±a/2 [O il] o r  ±a/2 [110]. 
A p a rt from  th e  la d d e rs , some in te rs p e r s e d  i r r e g u la r  and com p arativ e ly  
b ro a d e r  w alls  a p p ea r to  form  a type  o f d iffu se  la d d e rs  hav ing  
ap p ro x im ate ly  th e  same av e rag e  w all spacing  as th a t  o f th e  w ell d e fin ed  
la d d e rs . F igure  6.7(f) show s a w all s t ru c tu re  o f PSBs ty p ic a l o f reg io n s  
2 o r  3. This f ig u re  show s tw o s e ts  o f la d d e rs  co rrespond ing  to  th e  two 
s e ts  o f PSBs seen  on th e  su r fa c e  o f th e  specim en. The dom inant s e t  of 
la d d e rs  co rre sp o n d s  to  th e  p rim ary  PSBs and th e  o th e r  s e t  c o n s is tin g  o f 
co m p ara tiv e ly  s h o r t  la d d e rs  c o rre sp o n d s  to  PSBs on th e  c r i t ic a l  s lip  
p lan e , f ig u r e  6.8(a) is  from  re g io n  7 of th e  in d e n ta tio n . The la d d e r  
seen  in  th is  f ig u re  l ie s  on th e  c r i t ic a l  p lane  w ith  an  averag e  w all 
sp ac in g  o f = 1.5/im. The w alls  a re  ro u g h ly  norm al to  th e  B urgers v e c to rs  
±a/2 [101] o r  ±a/2 [110] o f  th e  m ost f re q u e n tly  occuring  d is lo c a tio n s . 
The ch an n e ls  betw een th e  w a lls  co n ta in  a  la rg e  num ber o f screw  
d is lo c a tio n s  w hich a p p ea r to  be  in te r lin k e d  w ith  th e  w alls  o f th e  
la d d e r . The p resen ce  o f some d is lo c a tio n  d e b ris  in  th e  ch an n e ls  o f th e  
w a lls  and  th e  su rro u n d in g  re g io n s  can  a lso  be seen  from  th e  background
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c o n tr a s t  o f th is  f ig u re . The m a trix  s t ru c tu re  a d jacen t to  th e  la d d e r  
a lso  a p p ea rs  to  c o n s is t  o f ta n g le s  o f d is lo c a tio n s  in te rs p e rse d  w ith  
long  screw  ty p e  d is lo c a tio n s . F ig u re  6.8(b) shows a narrow  and a le s s  
dense  la d d e r  o f th in  w alls  in  reg io n  4 o r  5. This la d d e r  ap p ea rs  to  lie  
on th e  p rim ary  s lip  p lan e . The ch an n e ls  betw een th e  w alls  a p ea r a lm ost 
f re e  o f d is lo c a tio n s . F ig u re  6.8(c) show s th e  d is lo c a tio n  s t ru c tu re  
from  th e  b o u n d ary  reg io n  1/8 o f  th e  in d e n ta tio n . L adders seen  in  th is  
f ig u re  co rre sp o n d  to  th e  PSBs on th e  p rim ary  s lip  p lane . F igure  6.8(d) 
is  from  reg io n  8 and  show s a  m a trix  s t ru c tu re  ty p ic a l o f th is  reg ion . 
T his s t ru c tu re  c o n s is ts  o f loop  p a tch e s  w hich a p p e a r  to  have  th e
c o n fig u ra tio n  o f dense  is o la te d  b u n d le s  o f d is lo c a tio n s  invo lv ing  p a r tly  
th e  c r i t ic a l  and p a r t ly  th e  p rim ary  s lip  system s.
6:4. DISCUSSION.
In th e  case  o f p u re  co p p er fa tig u e  c rack s  form  a t p e r s is te n t  s lip  bands 
and  i f  th e  re so lv ed  s h e a r  s t r a in  am plitude  is  le ss  th a n  th e  th re sh o ld  
v a lu e  o f 6.5 x 10 PSBs do n o t form  and fa tig u e  fa i lu re  is  n o t 
ex p ec ted  (M ughrabi 1978, L a ird  e t  a l 1986, C harsley  e t  a l 1987).
C h arsley  and  W hite (1987) h ave  show n th a t  th e  lo c a lise d  PSB fo rm ation  is  
o b se rv ed  n e a r  su rfa c e  in d e n ta tio n s  even  when fa tig u e d  a t  a su ff ic ie n tly  
low s t r a in  am p litude  fo r  a  few  th o u san d  cycles. W hite (1984) h as  s tu d ie d  
th is  e f fe c t  on co p p er s in g le  c ry s ta ls  and H arris  (1988) h a s  s tu d ie d  th is  
e f fe c t  on s in g le  and p o ly c ry s ta llin e  alum inium  in  some d e ta il . They have 
show n th a t  PSBs, p a r t ic u la r ly  in  th e  case of copper s in g le  c ry s ta ls  d id  
in i t i a te  e a r l ie r  n e a r  su rfa c e  in d e n ta tio n s  and p its  re g a rd le ss  o f th e  
o r ie n ta t io n  o f th e  specim en and  s tr a in  am plitude  used . I t  h a s  been
f u r th e r  shown th a t  th e  d e ta i ls  o f th e  PSBs th u s  form ed v a rie d  to  some
e x te n t  w ith  th e  in d iv id u a l o r ie n ta t io n  b u t w ere n o t much a ffe c ted  by th e
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o r ie n ta tio n s  o f th e  in d e n ta tio n s . The re s u l ts  o f th e  p re se n t w ork a re  
c o n s is te n t w ith  th e se  f in d in g s  ir re s p e c tiv e  o f th e  fa c t  th a t  in  th e  
p re s e n t  w ork h ig h e r  s t r a in  am p litu d es  have been  used . The th e o re t ic a l  
c o n s id e ra tio n s  fo rw ard ed  fo r  th e  p la s t ic  defo rm ation  a ro u n d  th e  
in d e n ta tio n s  in  C h ap te r 4 can  re a d ily  be ex tended  to  ex p la in  th e  r e s u l ts  
o b ta in e d  on th e  'in d en ted  and fa tig u e d ' specim ens. As d iscu ssed  th e re , 
m a te r ia l flow ing in w ards o r  o u tw a rd s  when an in d e n ta tio n  is  made a t  th e  
su r fa c e  o f a specim en, g e n e ra te s  a d is lo c a tio n  s t ru c tu re  around  i t  w hich 
v a r ie s  from  reg io n  to  reg io n . T his v a r ia tio n  o f th e  d is lo c a tio n
s t r u c tu r e  how ever depends m o stly  on th e  su rfa c e  o r ie n ta tio n  o f  th e  
specim en. I t  h as been  n o ted  th a t  th e  PSBs on th e  p rim ary  s lip  system ,
(111)[Ï01], u su a lly  form  in  re g io n s  o f th e  in d e n ta tio n  w here th e  s l ip  
tr a c e s  o f th e  p rim ary  s lip  p lan e  w ere more f re q u e n t and w ell p ronounced  
and  in te rs e c t  t ra c e s  o f a  seco n d ary  s lip  p lane. I t  is  th e re fo re  
su g g es te d  th a t  th e  p rim ary  PSBs in i t ia te  in  th o se  reg io n s  w here
d is lo c a tio n s  on th e  p rim ary  s l ip  p lane  a re  a lread y  ac tiv e  d u rin g
in d e n ta tio n  and can in te ra c t  w ith  d is lo c a tio n s  on a  secondary  s lip
p lan e . S im ilarly  PSBs on th e  seco n d a ry  s lip  p lan es  a p p ea r on th o se  s l ip  
system s w hich a re  th e  n e x t m ost h ig h ly  s tre s s e d  s lip  system s and w here 
d is lo c a tio n s  w ith  B urgers v e c to rs  on th e  secondary  s lip  p lane  a re  m ore 
o r  le s s  a lread y  a c tiv a te d  by th e  in d e n ta tio n s . From th e  com parison o f 
th e  d is lo c a tio n  s t ru c tu re s  a ro u n d  th e  th e  in d e n ta tio n s  in  th e  'in d en ted  
on ly ' and in d en ted  and  fa tig u e d ' specim ens i t  ap p ea rs  th a t  th e  PSBs do 
n o t form  in  reg io n s  w here th e  u n d erly in g  d is lo c a tio n  m ic ro s tru c tu re s  
c o n s is t  o f th e  ty p e  o f d en se ly  ta n g le d  mesh o f d is lo c a tio n s  o r  a  c e ll 
s t ru c tu re .  The in d e n ta tio n s  m ade in  th e  fa tig u e d  specim ens a p p ea r to  
h ave  a  s im ila r e f fe c t  on f u r th e r  fa tig u e  cycling as observed  w ith  
o r ie n ta t io n  C7 [f ig s . 6.1(g) and  (h)]. In  th is  case  one d iffe ren ce  th a t
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does rem ain is  th a t  th e  e x te n t  o f th e  defo rm ation  a sso c ia te d  w ith  th e  
in d e n ta tio n s  is  red u ced  as  ju d g ed  by th e  e x te n t o f  th e  s lip  t ra c e s  
a ro u n d  them  in  th e  fa tig u e d  specim en (a lth o u g h  th e  in te n s ity  o f s l ip  
tr a c e s  is  g en e ra lly  much g re a te r )  and is  lim ited  to  reg io n s  w hich a re  
c lo se r  to  th e  in d e n ta tio n s , a s  w ill be d iscu ssed  in  C h ap te r 7.
The f a c t  th a t  PSBs in  c e r ta in  reg io n s  a re  form ed c lo se r  to  in d e n ta tio n s  
th a n  in  o th e rs  ag a in  a p p ea rs  to  be re la te d  to  th e  s u b s tru c tu re  in  th e  
d if f e r e n t  reg io n s  o f in d e n ta tio n s . I t  seems th a t  th e  e x te n t o f th e  zone 
w hich is  e ffe c tiv e ly  h a rd en ed  is  le ss  on th e  s id e  w here PSBs a re  n e a re r  
to  th e  in d e n ta tio n  th a n  on th e  o th e r  s id es  w here PSBs form  f a r th e r  from  
i t .  The su rfa ce  to p o g rap h y  o f th e  PSBs n ear in d e n ta tio n s  a lso  a p p ea rs  to  
be a ffe c te d  to  some e x te n t by  th e  in d e n ta tio n  in d u ced  defo rm ation . The 
v e ry  app earan ce  o f th e  fragm en ted  and q u a s i-p e r io d ic  su rfa c e  to p o g rap h y  
of PSBs seen  in  fig . 6.2 m ight be  due to  fo rm ation  o f a  hom ogeneous and 
w ell o rg an ised  mode o f d e fo rm atio n  when a s s is te d  by th e  in d e n ta tio n s . 
T his is  p ro b ab ly  cau sed  by th e  ev o lu tio n  o f th e  in te rn a l  d is lo c a tio n  
m ic ro s tru c tu re  in  th e  form  of w e ll defined  la d d e rs  o r  equ iaxed  ce lls  in  
th e  reg io n  o f PSBs. The d is lo c a tio n s  p roduced  by th e  in d e n ta tio n s  a re  
n o t only  o f th e  p rim ary  s lip  system s in  fa tig u e  b u t a lso  o f th e  
seco n d ary  s lip  system s. T here  is  a lso  an equal p ro b a b ility  th a t  a  g roup  
of d is lo c a tio n s  co n ta in in g  one o r  a ll th e  th re e  B urgers v e c to rs  o f a  
s l ip  p lan e  may be g e n e ra te d  by in d en ta tio n . This could  lead  to  an 
in te ra c t io n  w ith  th e  d is lo c a tio n s  o f th e  ac tiv e  s lip  system s fo r  fa tig u e  
and may lead  to  a  ra p id  s t r a in  h a rden ing  (o r so ften in g ) o f th e  a c tiv e  
re g io n s  (fo r s lip ). T his v iew  o f fa tig u e  h a rd en in g  (or so ften in g ) 
how ever depends on th e  assu m p tio n  th a t  th e  PSBs need  n u c léa tio n  s i te s  
w hich a re  th e n  e a s ily  p ro v id e d  by th e  in te ra c t io n s  o f d is lo c a tio n s  
g lid in g  on d if fe re n t  s lip  system s as  m entioned above.
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The r e s u l t s  o b ta in ed  from  th e  TEM s tu d y  o f th e  in d e n te d  and fa tig u e d  
specim ens show th a t  in  specim ens fa tig u e d  fo r  a low num ber o f cycles 
d is lo c a tio n  s t ru c tu re s  in  th e  form  lo o se ly  tan g led  d is lo c a tio n  g ro u p s  o r 
d en se  d ip o la r  w alls  e x is t  in  th e  reg io n s  n e a r  in d e n ta tio n s  w here PSBs 
a re  fo u n d  to  be in i t ia te d  a t  a l a t e r  s tag e . This ty p e  o f d is lo c a tio n  
s t r u c tu r e  h as  i t s  resem blance  to  th a t  found  in  th e  same reg io n s  n e a r  
in d e n ta tio n s  in  th e  u n fa tig u e d  specim ens (C h ap ter 4, TEM sec tion ), w hich 
seem s to  be m odified  and  f u r th e r  developed  d u rin g  fa tig u e  cycling. 
A ccording to  th is  v iew po in t th e  PSBs on th e  p rim ary  s lip  system  may be 
form ed in  th o se  reg io n s  w here th is  system  had  a lre ad y  been  a c tiv a te d  by 
in d e n ta tio n s  and  was p red o m in an t p r io r  to  fa tig u e . I t  is  f u r th e r  
su p p o rte d  by th e  fin d in g s  o f C h arsley  and H a rris  (1986, 1987) on 
in d e n te d  and fa tig u e d  alum inium  sin g le  and p o ly c ry s ta ls . These a u th o rs  
h av e  shown th a t  d is lo c a tio n  m ic ro s tru c tu re s  in  th e se  a reas  n e a r  an 
u n an n ea led  in d e n ta tio n  w here PSBs form  p re fe re n tia l ly  during  fa tig u e  
cycling , ap p ea red  to  c o n s is t o f d is lo c a tio n  ta n g le s . In  reg ions w here 
PSBs do n o t re a d ily  form , d is lo c a tio n  a rran g m en ts  c o n s is t m ainly o f a  
m iso rien ted  ce ll ty p e  d is lo c a tio n  s t ru c tu re . I t  h a s  been  suggested  th a t  
th e  m iso rie n ta tio n s  among th e  c e lls  may be caused  by th e  p resen ce  o f 
r e s id u a l  s t r e s s e s  due to  th e  in d e n ta tio n s . K uhlm ann-W ilsdorf and L a ird  
(1980) While d iscu ss in g  " th e  s im ila r i t ie s  and d iffe ren c es  betw een 
u n id ire c tio n a l and cyclic  defo rm ation , have re p o r te d  th a t  a rem arkab le  
s im ila r ity  e x is ts  in  th e  ev o lu tio n  o f d is lo c a tio n  m ico s tru c tu re  fo r  
u n id ire c tio n a l te n s io n  and  fa tig u e . I t  h as been  p o in te d  o u t th a t  th e  
'b ra id s ',  as th e y  ca lled  them , m ainly c o n s ti tu te d  o f prim ary  edge 
d is lo c a tio n  d ip o le s , seen  in  s ta g e  I and e a r ly  s tag e  II o f 
u n id ire c tio n a lly  deform ed m eta ls, h av e  th e i r  c o u n te rp a r t  in  th e  loop  
p a tc h e s  and v e in  ty p e  d is lo c a tio n  s t ru c tu re  form ed in  fa tig u e . S im ilarly
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th e  m ore o r le ss  w ell d e fin ed  p o ly g o n isa tio n -ty p e  w alls  norm al to  th e  
a c tiv e  s lip  d ire c tio n s  w hich a re  seen  in  s tag e  I and p a r t ly  in  s ta g e  II 
o f u n id ire c tio n a lly  deform ed m eta ls, have  th e i r  c o u n te rp a r ts  in  th e  w all 
s t r u c tu r e  o f PSBs in  fa tig u e . F in a lly  th e  ce ll s t ru c tu re  w hich may form  
a t  s t i l l  h ig h e r p la s t ic  s t r a in  am p litu d es  o u t o f th e  w all s t r u c tu r e  in  
s in g le  c ry s ta ls  o r q u ite  g e n e ra lly  in  p o ly c ry s ta ls  is  th e  p a ra l le l  to  
th e  c e ll s tru c tu re  ty p ic a l fo r  s ta g e s  II and III in  u n d ire c tio n a l 
s t r a in .  [T here a re  how ever some im p o rtan t d iffe ren c es  betw een th e  tw o 
c a se s  b u t th ey  a re  n o t re la v e n t  to  th e  p re se n t d iscu ss io n ]. In v iew  o f 
th e se  fin d in g s  i t  may be re a so n a b le  to  say  th a t  th e  d is lo c a tio n  
m ic ro s tru c tu re s  p ro d u ced  by fa tig u e  have some s im ila r i t ie s  to  th o se  
p ro d u ced  by in d e n ta tio n  a t  le a s t  in  reg io n s  w here th e  re le v a n t re so lv e d  
s h e a r  s tre s s e s  fo r  in d e n ta tio n  and  fa tig u e  a re  fa v o u ra b le . I t  is  q u ite  
p o ss ib le  th a t  th e  e v o lu tio n  o f th e  m ic ro s tru c tu re s  in  th e  fa tig u e d  
specim ens is  a s s is te d  by an  a p p ro p r ia te  p re -e x is tin g  m ic ro s tru c tu re . I t  
m ight th u s  be rea so n a b le  to  say  th a t  th e  v a rio u s  s lip  system s a c tiv a te d  
by in d e n ta tio n  may become ac tiv e  fo r  fa tig u e  p ro v id ed  th e  re so lv ed  s h e a r  
s t r e s s e s  a re  su f f ic ie n t to  d riv e  them  from  th e ir  c o n fig u ra tio n s  p ro d u ced  
by in d e n ta tio n s  to  th e  s a tu r a t io n  s ta te  to  form  PSBs.
I t  i s  a lso  q u ite  p o ss ib le  th a t  o u t o f th e  th re e  B urgers v e c to rs  o f  th e  
p rim ary  s lip  p lane, ±a/2 [Ï01], ±a/2 [O il] and ±a/2 [1Ï0], th e  p rim ary  
B u rgers  v e c to r  fo r  fa tig u e  may n o t in i t ia l ly  be p re se n t. N ev erth e le ss  i t  
co u ld  be form ed by in te ra c t io n  betw een  th e  o th e r  tw o B urgers v e c to rs  as  
p o in te d  o u t by K uhlm ann-W ilsdorf and Nine (1967) and g iven  by a re a c tio n  
o f th e  type  o f H irth  no. 4 (H irth  1961);
a/2 [ o n ]  + a/2 [Î1 0 ] = a/2 [Ï0 1 ] - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 6.1.
The s h o r t  PSBs on seco n d ary  s lip  system s n e a r  in d e n ta tio n s  may be form ed 
s im ila rly  by th e  re so lv ed  s h e a r  s t r e s s e s  m odified by th e  e ffe c t o f  th e
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in d e n ta tio n  and o f th e  lo ca l d is lo c a tio n  s t ru c tu re .  In  specim ens w ith  
o r ie n ta t io n  U, as m entioned e a r l ie r ,  PSBs form  in  reg io n s  3 and  4 and  
th e i r  o p p o site  reg io n s  7 and 8 m ainly on th e  p rim ary  s lip  p lan e  (111) 
and  s h o r t  PSBs a re  form ed in  reg io n s  1 and 8 on th e  c r i t ic a l  p lan e  (111) 
and  in  reg io n s  2, 3, 6 and 7 on th e  c ro s s -s l ip  p lan e  (111) [fig . 6.6(c)] 
The B urgers v e c to rs  found  b e fo re  and a f te r  fa tig u e  in  th e  same re g io n s  
o f in d e n ta tio n  ag ree  rea so n a b ly  w ell. In re g io n s  3 and  8 as w ell as 
e i th e r  4 o r 7, th e  p redom inan t B urgers v e c to rs  fo u n d  in  th e  d is lo c a tio n s  
s t r u c tu r e  in tro d u ce d  by th e  in d e n ta tio n  a re , ±a/2 [Î10] o r  ±a/2 [O il] 
and  ±a/2 [O il] o r ±a/2 [110] w hile  th o se  found  in  th e  same reg io n s  o f 
in d e n ta tio n s  a f te r  fa tig u e  a re , ±a/2 [Ï01] o r  ±a/2 [Ï10], ±a/2 [O il]. 
The change in  th e  a c tiv e  s lip  v e c to rs  a p p ea rs  to  be in  acco rdance  w ith  
th e  in te ra c t io n s  o f d is lo c a tio n s  o f th e  ty p e  g iven  in  e q u a tio n  6,1. In 
re g io n s  1 an d /o r 8 w hich a re  th e  reg io n s  o f th e  s h o r t  PSBs th e  m ost 
f re q u e n t B urgers v e c to rs  a re , ±a/2 [101] o r ±a/2[110] b e fo re  fa tig u e  and  
±a/2 [110] o r a/2 [O il] a f te r  fa tig u e  (see ta b le s  4.2 and 6.1). I t  is  
p ro b a b ly  th e  la rg e  num ber o f d is lo c a tio n s  w ith  a  B urgers v e c to r  ±a/2 
[101] o r ±a/2 [110] in  reg io n s  2, 3, 6 and 7, w hich caused  (in  some 
cases) a c tiv a tio n  o f th e  c ro s s -s l ip  system  DIII/DVI in  fa tig u e , w hich 
co u ld  n o t have been  p o ss ib le  o th e rw ise  due to  th e  low v a lu e  o f  th e  
Schm id fa c to r  (s 0.2) u n d e r th e  fa tig u e  cycling  c o n d itio n s  used .
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CHAPTER 7.
INDENTATION OF THE FATIGUED SPECIMENS.
7:1. INTRODUCTION.
I t  is  w ell known th a t  fa tig u e  cycling  d iv id es  th e  specim en in to  a h a rd e r  
ph ase  ca lled  th e  m atrix  and a s o f te r  p h ase  w hich c o n s t i tu te s  p e r s is te n t  
s lip  bands. The aim of th is  c h a p te r  is  th e re fo re  to  ex p lo re  th e  e ffe c t 
o f in d e n ta tio n s  on w ell o rg an ised  b u t inhom ogeneous cyclic  defo rm ation  
of th e  fa tig u e d  specim ens. This e f fe c t w ill be s tu d ie d  b o th  from  th e  
su rfa ce  o b se rv a tio n s  as w ell as th e  TEM in v e s tig a tio n s  o f th e  
in te r io r  d is lo c a tio n  s t ru c tu re s  in  th e  d if fe re n t reg io n s  of in d e n ta tio n s  
made in  th e  fa tig u e d  specim ens. For th e  su rfa ce  o b se rv a tio n s , a  few 
p o ly c ry s ta llin e  and some s in g le  c ry s ta l  specim ens w ere u sed  w hile a  few 
specim ens of U and E o r ie n ta tio n s  w ere u sed  fo r  su rfa c e  as w ell as TEM 
study .
In th e  p o ly c ry s ta llin e  specim ens, g ra in s  of co m parative ly  la rg e  size, s
500-900/Lim w hich w ere a c tiv e  in  fa tig u e  re g a rd in g  PSBs w ere
p re fe re n tia lly  se le c ted  fo r  m aking in d e n ta tio n s . In m ost o f th e  s in g le
and p o ly c ry s ta llin e  specim ens, in d e n ta tio n s  w ere g en e ra lly  made on o r
c lose  to  th e  PSBs. However in  a few cases  in d e n ta tio n s  w ere a lso  made in
reg io n s  a p p a ren tly  w ell away, s  1.0mm, from PSBs to  com pare th e i r  e f fe c t
to  th a t  of in d e n ta tio n s  made on o r  c lose  to  them . The d e ta i ls  o f th e
specim ens reg a rd in g  th e  size o f th e  in d e n ta tio n  in  an n ea led  as w ell as
th e  fa tig u e d  specim ens e s tim a ted  a t  d if fe re n t to ta l  cum ulative  s t r a in
am plitudes fo r  s in g le  c ry s ta l  specim ens a re  g iven  in  ta b le  7.1.
F or TEM study , specim ens w ere fa tig u e d  in  th e  form  o f th in  fo ils  a t
-3s tra in  am plitudes w hich w ere in  th e  range  betw een 1.4 to  1.9x10 and 
w ere th e n  in d en ted  w ith  100 gm lo ad s  b e fo re  (fina l) Tenupol p o lish in g . 
The d e ta i ls  o f th e  TEM specim ens reg a rd in g  th e i r  fa tig u e , reg io n s
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s tu d ie d , approx im ate  d is ta n ce s  of th e se  reg io n s  from  th e  c e n tre s  of 
in d e n ta tio n s  and B urgers v e c to rs  found  in  th o se  reg io n s  a re  l is te d  in  
ta b le  7,2.
7:2. EXPERIMENTAL RESULTS: SURFACE OBSERVATIONS.
7:2:1. GENERAL RESULTS.
The s tu d y  of th e  su rfa ce  to p o g rap h y  o f in d e n ta tio n s  made in  th e  fa tig u e d  
specim ens h as  rev ea led  a s ig n if ic a n t e ffe c t of cyclic  defo rm ation  on th e  
shap es  and sizes o f th e  in d e n ta tio n s  and on su rfa c e  s lip  tra c e  
d is tr ib u tio n  a round  them. The e x te n t of th e  in d e n ta tio n  induced  
defo rm ation  app eared  to  be c lo se ly  re la te d  to  th e  am ount of to ta l  
cum ulative s t r a in  am plitude  ga ined  by th e  fa tig u e d  specim ens. The 
fo llow ing changes in  th e  g e n e ra l to p o g rap h y  of th e  in d e n ta tio n s  made in  
th e  fa tig u e d  and u n fa tig u e d  specim ens were observed .
1. I t  was found  th a t  th e  size  o f an in d e n ta tio n  as e stim ated  by i t s  
average  d iagonal le n g th  is  red u ced  fo r  in d e n ta tio n s  w hich a re  made in  
th e  fa tig u e d  specim ens com pared w ith  th a t  of th e  in d e n ta tio n s  in  th e  
annea led  specim ens. This can be seen  in  fig s . 7.1(a) and (d) w here th e  
average  sizes of th e  in d e n ta tio n s  'p ' and 'q ' made p r io r  to  fa tig u e  can 
be seen  reduced  com pared w ith  th e i r  c o u n te rp a r ts  (a lso  seen  in  th e se  
fig u res) w hich w ere made in  th e  specim ens a f te r  th e i r  fa tig u e  up to  a 
to ta l  cum ulative  s t r a in  am plitude  = 150. The d ecrease  in  size depended 
upon th e  to ta l  cum ulative  s t r a in  am plitude given  to  th e  specim en. 
S ubject to  c e r ta in  lim ita tio n s  i t  seems th a t, th e  g re a te r  th e  v a lu e  of 
to ta l  cum ulative s t r a in  am plitude , th e  sm aller w ill be th e  in d e n ta tio n  
size. This can be checked from  ta b le  7.1, w here th e  av erage  d iagonal 
len g th s  of in d e n ta tio n s  e s tim ated  a t  d if fe re n t fa tig u e  co n d itio n s  a re  
g iven  and can be com pared to  see th e  re d u c tio n  in  size of th e
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in d e n ta tio n  w ith  an in c re a se  in  th e  to ta l  cum ulative  s t r a in  am pltude, 
. As an exam ple, in  th e  case  o f th e  specim en o f o r ie n ta tio n  Cl,•L ^CLim 0
th e  average  d iagonal le n g th  o f in d e n ta tio n s  in  th e  an n ea led  specim en 
[fig . 4.2(a)] is  s  71/j.m and is  red u ced  to  a 52jnm a t  a  to ta l  cum ulative  
s t r a in  am plitude  a 43 w hile  i t  is  a 51/Lim a t a to ta l  cum ulative  s ta in  
am plitude ofs 77.
2. The sh ap es  of th e  in d e n ta tio n s  a lso  app eared  som ew hat d if fe re n t when 
com pared w ith  th o se  o f in d e n ta tio n s  in  annea led  specim ens. This can be 
v e r if ie d  by a com parison o f th e  sh ap es  of in d e n ta tio n s  in  fig . 7.1(d) 
w here th e  b igger in d e n ta tio n  a t  'q ' was made p r io r  to  fa tig u e  and  th e  
in d e n ta tio n  o f sm aller size  (a t th e  r ig h t side) was made a f te r  fa tig u e , 
[a lso  com pare fig s . 4.2(a) and (b)].
3. The defo rm ation  in  th e  form  of su rfa ce  s lip  tra c e s  a round  
in d e n ta tio n s  in  th e  fa tig u e d  specim ens g en era lly  ap p ea red  much more 
p ronounced  in  some p re fe re n tia l  d ire c tio n s  ( re la tiv e  to  th e  
in d e n ta tio n s) when com pared w ith  th a t  of th e  in d e n ta tio n s  in  an nea led  
and u n fa tig u e d  specim ens [see again  fig s . 7.1(d), 4.2(a) and (b)].
4. The s lip  tra c e s  a ro u n d  in d e n ta tio n s  in  fa tig u e d  specim ens, th o u g h  
enhanced  and w ell p ronounced  in  some reg io n s , w ere red u ced  in  ex ten t, 
even in  reg io n s  w here th e  s lip  tra c e s  around  in d e n ta tio n s  in  annea led  
specim ens w ere found  in  abundance  and w ell ex tended .
5. G enerally  th e  s lip  lin e s  a ro u n d  in d e n ta tio n s  in  fa tig u e d  specim ens 
appeared  more in te n se , s h o r t  segm ented and of wavy sh ap e  (p a r tic u la r ly  
when seen  in  th e  o p tic a l m icrographs b u t w hich ap p ea red  segm ented 
s t r a ig h t  p o rtio n s  in  SEM m icrographs) showing co n s id e rab le  c ro s s -s lip  
com pared to  th o se  a ro u n d  in d e n ta tio n s  in  u n fa tig u e d  specim ens w hich 
(s lip  tra c e s )  a re  som etim es even  d if f ic u l t  to  o b serve  and p h o to g rap h  
[see  fig s . 7.1(b)-(f). 7.4(a)-(d) and 7.5(a) and (c)].
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6. The in d e n ta tio n s  made on /c lo se  to  PSBs ap p eared  to  r e s u l t  in  th e  
fo rm ation  of a few d is t in c t  and  dom inant fam ilies o f s lip  tra c e s  around  
them. One of th e se  fam ilies  o fte n  being  th a t  w hich was p a ra lle l  to  th e  
tra c e s  of th e  p rim ary  s lip  p lane. The o th e r  fam ilies  w hich g en era lly  
re s u lte d  in  w ell- developed  co a rse  s lip  bands, in  c o n tra s t  to  th e  fo rm er 
(family) ap p eared  to  o r ig in a te  from  close  to  PSBs and belonged  to  th e  
secondary  s lip  p lan es  [fig s. 7.2(b) and 7.3(a)].
7. I t  was found  th a t  a f te r  e le c trp o lish in g  and f u r th e r  fa tig u e  PSBs 
em erged alm ost from  th e ir  o r ig in a l p laces  b u t th a t  th e y  d id  n o t in i t ia te  
re a d ily  in  th e  o th e r  reg io n s  w hich showed m ost p ro b ab ly  th e  a n iso tro p ic  
e ffe c t o f defo rm ation  in tro d u ce d  by in d e n ta tio n s  even in  th e  fa tig u e d  
specim ens.
7:2:2. FATIGUED AND INDENTAED SINGLE CRYSTAL SPECIMENS.
(I) SPECIMEN Cl.
F ig u res  7.1(b) and (c) show th e  o p tic a l m icrographs and  fig s . 7.2(a) to
(c) show some SEM m icrographs from  th is  specim en. In th e  o p tic a l
m icrographs th e  specim en was fa tig u e d  w ith  w heels W1-W4 (w ith  to ta l
-4s tra in  am plitude v a lu es  2-8x10 ). up to  a to ta l  cum ulative  s t r a in
am plitude s  97. In d e n ta tio n s  w ere th e n  made on /c lo se  to  PSBs to  [fig . 
7.1(c)] and a t  d is ta n ce s  of ^ 1.0mm from  them  [fig . 7.1(b)] to  fin d  th e  
e ffe c t of th e  re la tiv e  lo c a tio n  o f in d e n ta tio n s  on them . In fig . 7.1(c), 
some in te n se  s lip  lin e s  a re  seen  n e a r  th e  u p p e r s id e  (reg ions 2 and 3) 
o f th e  in d e n ta tio n  w hile in  reg io n s  6 and 7 s lip  tra c e s  ap p ea r le ss  
enhanced. In Fig. 7.1(b) how ever s lip  tra c e s  ap p ea r eq u ally  enhanced  in  
reg io n s 2, 3 and 6, 7 o f th e  in d e n ta tio n , [ i t  sh o u ld  be p o in ted  o u t th a t  
th e  s lip  tra c e s  in  th e se  reg io n s  of th e  in d e n ta tio n  in  th e  u n fa tig u e d  
specim en w ere much le ss  d is t in c t ,  see fig . 4.2(a)]. These in te n se  s lip
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tra c e s  lie  rough ly  p a ra lle l  to  th e  tra c e s  of th e  c ro s s -s lip  ( i l l )  p lane. 
F igure  7.2 shows some SEM m icrog raphs from th e  specim en (Cl) w hich was 
fa tig u e d  fu r th e r  up to  a to ta l  cum ulative  s t r a in  am plitude  of 180 and 
th e n  in d en ted  w ith  a 100 gm load.
F igu res 7.2(a) and (c) show re sp e c tiv e ly  th e  h ig h e r m agn ifica tion  SEM 
m icrographs from  reg io n s  2, 3, 6 and 7 of th e  in d e n ta tio n  seen  in  fig . 
7.2(b). From th is  f ig u re , i t  a p p ea rs  th a t  th e  s lip  tra c e s  a round  th e  
in d e n ta tio n  a re  more f re q u e n t, p ronounced  and re g u la r  in  reg io n s  2, 3 
and 6, 7 th a n  in  th e  o th e r  reg io n s , w here th ey  a re  much le ss  f re q u e n t 
and in ten se . F ig u res  7.2(a) and (c) re v e a l th a t  s lip  tra c e s  in  reg io n s  2 
and 3 w hich a re  m ostly  on th e  c ro s s -s l ip  p lane  ap p ea r to  o r ig in a te  from  
n e a r PSBs and  ex ten d  p re fe ra b ly  to w ard s  th e i r  le f t  s ide . The s i tu a t io n  
in  reg io n s  6 and 7 how ever, is  som ew hat d iffe re n t. THe s lip  tra c e s  in  
th e se  reg io n s  c o n s is t m ainly o f two fam ilies. The b ig g er and dom inant 
fam ily is  th a t  o f th e  c ro s s -s lip  p lan e  as in  seen  reg io n s  2 and 3 b u t 
ex ten d s to  b o th  s id es , of th e  PSBs. Most of th e se  s l ip  tra c e s  ap p ea r to  
p e n e tra te  (and leav in g  s lip  s te p ts  acro ss) th e  main c ro s s -s e c tio n  of th e  
PSBs. The sm aller fam ily  co n ta in in g  a few s lip  t ra c e s  lie s  on th e  
c r i t ic a l  s lip  p lan e  (111) in  reg io n  6 of th e  in d e n ta tio n . The s lip  
tra c e s  a round  th e  in d e n ta tio n  seen  in  th e se  f ig u re s  a p p ea r q u ite  in te n se  
and w ell o rgan ised . The tra c e s  a p p ea r to  be o rg an ised  alm ost in  p a irs  
w ith  th e  s e p a ra tio n  of th e  p a irs  d ecreasin g  w ith  th e  d is ta n ce  from  th e  
in d e n ta tio n . The average  sp ac ing  o f th e se  r a th e r  co arse  s lip  tra c e s  is  = 
0.7(j,m.
(ii) SPECIMEN 05.
F igure  7.3(a) shows a 100 gm in d e n ta tio n  made n e a r  PSBs (no t seen) in  a 
specim en o f th is  o r ie n ta tio n  a f te r  a fa tig u e  w ith  w heels W1-W4 (w ith
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to ta l  s t r a in  am plitude v a lu es  a 2-8x10  ^ ) up to  a  to ta l  cum ulative  
s t r a in  am plitude: ag 196 fo llow ed  by fa tig u e  a t  a to ta l  s t r a in  am plitude: 
1.1x10  ^ fo r  5x10^ cycles. As seen  in  th is  f ig u re  s lip  tra c e s  a ro u n d  th e  
in d e n ta tio n  ap p ea r to  be c o n sid e rab ly  enhanced p re fe re n tia lly  in  reg io n s  
4, 5, 6 and 7. The f i r s t  fam ily  o f s lip  tra c e s  w hich l ie s  on th e  p rim ary  
s lip  p lane, ap p ea rs  more p ronounced  and f re q u e n t in  reg io n s  4 and 5 th a n  
in  (th e  opposite) reg io n s  1 and 8. The second fam ily  o f th e  in te n se  s lip  
tra c e s  w hich lie s  on th e  c ro s s -s lip  p lan e  ( i l l )  ap p ea rs  to  co n ta in  a  few 
s lip  tra c e s  in  reg io n s  1 and  2 b u t is  more p ronounced  and  in  reg io n s  6 
and  7 o f th e  in d e n ta tio n . The th i r d  fam ily of s lip  t ra c e s  w hich l ie s  on 
th e  c r i t ic a l  s lip  p lan e  (111) ap p ea rs  to  occupy m ainly th e  d iag o n al 
reg io n s  1/2 and 5/6 of th e  in d e n ta tio n . F igu res 7.3(b) and (c) show th e  
s lip  tra c e s  from a lo c a tio n  n e a r  'p ' in  reg io n s  6, 7 o f th e  in d e n ta tio n  
in  fig . 7.3(a) a t  h ig h e r m ag n ifica tio n s. In th e se  f ig u re s  i t  is  a p p a re n t 
th a t  th e re  is  a  co n sid e rab le  am ount of enhanced  (in tense) s lip  and 
c ro s s -s lip  in  th e se  reg ions. From a c lose in sp ec tio n  of th e se  s lip  
tra c e s , i t  ap p ea rs  th a t  u n d e r th e  im pact of in d e n ta tio n  made in  a 
fa tig u e d  specim ens, m a te ria l flow s upw ards from th e  su rfa ce  n e a r  th e  
in d e n ta tio n  in  th e  form  of a lm ost re c ta n g u la r  shap ed  s lab s  of m a te ria l 
w hich ap p ear to  be s ta c k e d  one above th e  o th e r  in  a v e ry  hom ogeneous and  
re g u la r  manner. As a  ro ugh  e s tim ate  th e  s tep  h e ig h ts  o f th e se  s lab s  of 
m a te ria l is  in  th e  range  of 0.05-0.2jum. The average  v is ib le  e x te n t of 
th e  defo rm ation  of th e  in d e n ta tio n  in  fig . 7.3(c) is  ab o u t 25-30/im.
F igure  7.4 shows fo u r  SEM m icrographs from a n o th e r  specim en o f th is  
o r ie n ta tio n . In th e se  f ig u re s  100 gm in d e n ta tio n s  w ere made in  th e  
specim en w hich was fa tig u e d  w ith  w heels W1-W5 (w ith  th e  to ta l  s t r a in  
am plitude  v a lu es: s  0.2-1.1x10 ^) up to  a  to ta l  cum ulative  s t r a in
am plitude 196. F ig u res  7.4(c) and (e) a re  th e  h ig h e r m agn ifica tion
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m icrographs, re sp e c tiv e ly  from  reg io n s  1, 8 and 4, 5. The in d e n ta tio n s  
a re  a lso  p a r tly  seen  in  th e se  f ig u re s . From th e  g en e ra l in sp ec tio n  of 
fig s . 7.4(a)-(c), i t  can  be seen  th a t  th e  s lip  tra c e  co n fig u ra tio n  
co n s is ts  of th re e  main fam ilies  o f in te n se  s lip  tra c e s . The f i r s t  fam ily 
c o n s is ts  o f s lip  tra c e s  w hich a re  ro u g h ly  p a ra lle l  to  th e  PSBs ly ing  on 
th e  prim ary  s lip  p lane  (111). T hese s lip  tra c e s  th o u g h  f re q u e n t ap p ea r 
le ss  p ronounced  com pared w ith  th o se  o f o th e r  fam ilies  (of s lip  tra c e s )  
and a re  lo ca ted  more fre q u e n tly  on th e  s id es  o f in d e n ta tio n s  w hich face  
th e  PSBs. The second fam ily  c o n s is ts  o f a g roup  o f a  few b u t w ell 
pronounced  s lip  tra c e s . These t ra c e s  w hich a re  co n sid e rab ly  d eep er and 
w ell developed  a re  lo ca ted  on ly  in  th e  d iagonal reg io n  1/2 o f th e  
in d e n ta tio n . These r a th e r  in te n se  s lip  tra c e s  lie  on th e  c r i t ic a l  s lip  
p lan e  and a re  lo ca ted  m ainly a t  th e  te rm in a l p o in ts  o f th e  p rim ary  s lip  
tra c e s  in  reg ion  1. This fam ily  of tra c e s  ap p ea rs  to  sp read  ac ro ss  th e  
PSBs as seen  in  fig . 7.4(d). The averag e  spacing  o f th e se  tra c e s  is  s  
1.45jLim. The th ir d  fam ily o f s lip  tra c e s  which is  lo c a ted  in  reg io n s  2, 
3, 6 and  7 of th e  in d e n ta tio n  c o n s is ts  m ainly o f s lip  and c ro s s -s lip  
s te p s  from  th e  c ro s s -s lip  (111) to  th e  p rim ary  (111) s lip  p lane  and v ice  
v e rsa . These tra c e s  a re  how ever more p ronounced  and  fre q u e n t in  reg io n s  
6 and 7 th a n  in  reg io n s  2 and  3. F igu re  7.4(c) show s th e  e ffe c t o f an 
in d e n ta tio n  made on PSBs in  th e  reg io n s  6 and 7. From th is  f ig u re , i t  
seems lik e ly  th a t  th e  in d e n ta tio n  h a s  re s u lte d  in  a  few deep g rooves in  
th e  PSBs, w hich resem ble m icrocracks, occuring  along  PSBs, n e a r  th e  
PSB-m atrix in te rfa c e s . The s lip  tra c e s  in  th e se  reg io n s  ap p ea r to  be 
alm ost co n tin u o u s ac ro ss  th e  PSBs th o u g h  a p p a re n tly  w ith  much le ss  
e ffe c t on th e i r  su rfa ce  ro u g h n ess  p ro file . In th e  reg io n s  su rro u n d in g  
th e se  PSBs, th e  s lip  tra c e s  on th e  c ro s s -s lip  p lane  (111) a lso  ap p ea r 
s ig n if ic a n tly  in te n se . F igu re  7.4(e) show s th e  s lip  s te p s  on th e  two
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s lip  p lan es  in te r l in k e d  th ro u g h  c ro s s -s l ip  a p p a re n tly  from  th e  
c ro s s -s lip  (111) to  th e  p rim ary  s lip  p lane  (111) [see  fig . 7.4(f)]. From 
th is  fig u re , i t  ap p ea rs  th a t  th e  s te p s  undergo ing  c ro s s -s lip  d ecrease  in  
num ber w ith  d is ta n ce  from  th e  c o n ta c t a rea  o f th e  in d e n ta tio n .
(iii) SPECIMEN OF ORIENTATION U (03).
F igure  7.5 shows a few SEM m icrog raphs from a s t r ip  of th is  o r ie n ta tio n  
fa tig u e d  a t  a  c o n s ta n t s t r a in  am plitude  o f 1.9x10  ^ fo r  10^ cycles and 
th e n  in d en ted  w ith  a  100 gm lo ad  a t  d if fe re n t p laces . PSBs as seen  in  
th e se  f ig u re s  lie  on th e  p rim ary  s lip  p lane  and ap p ea r g rouped , 
fragm en ted  and w ell o rg an ised . [F igure  7.5(b) is  o f a  h ig h e r 
m agn ifica tion  from  a p a r t  'p ' o f (a)]. As seen  in  th e se  f ig u re s  th e  
e ffe c t o f in d e n ta tio n  ap p ea rs  to  be more s ig n if ic a n t in  reg io n s  1 and 2 
o f th e  in d e n ta tio n  th a n  th e  o th e r  reg ions. The s lip  tra c e s  in  th e se  
reg io n s  a re  m ainly on th e  co n ju g ate  p lane, a lth o u g h  some tra c e s  a re  a lso  
seen  on th e  c r i t ic a l  p lan e  in  reg io n  1. In reg io n s 4 and  5 how ever s lip  
tra c e s  a re  le ss  in te n se  th a n  th o se  of reg io n s  1 and  8 as seen  in  fig s . 
7.5(a) and (c). The s lip  tra c e s  ly ing  on th e  c r i t ic a l  p lan e  ap p ea r q u ite  
in ten se . These s lip  tra c e s  a p p ea r q u ite  long and w ell developed  and have 
fa ir ly  uniform  su rfa ce  ro u g h n ess  p ro f ile  along th e i r  len g th s . They a lso  
ap p ea r fa ir ly  p a ra lle l  and w ell s e p a ra te d  from  one an o th er.
(iv) SPECIMEN OF ORIENTATION C7/E.
F igure  7.6 shows a few SEM m icrographs from  a s t r ip  o f th is  o r ie n ta tio n  
fa tig u e d  a t  a to ta l  s t r a in  am plitude , 1.4 x 10  ^ fo r  10^ cycles and 
in d en ted  w ith  a 100 gm load . S ince th is  specim en co n ta in ed  two s e ts  of 
PSBs, two types of in d e n ta tio n  w ere made, one on each  s e t  o f PSBs as 
seen  in  fig . 7.6(a) and  (c). O ut o f th e  two s e ts  o f PSBs one s e t  w hich
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makes si 60° angle  w ith  th e  h o riz o n ta l l ie s  on th e  p rim ary  s lip  p lan e  
w hile th e  o th e r  o th e r  s e t  w hich is  n e a rly  v e r t ic a l  l ie s  on th e  c r i t ic a l  
s lip  p lane. F igu res 7.6(b) and (d) a re  h ig h e r m agn ifica tion  m icrographs
re sp e c tiv e ly  from  p a r ts  'p ' and  'q ' o f fig s . 7.6(a) and  (c). F igure
7.6(e) shows a t  a  low m agn ifica tion ) shows th e  two ty p es  of th e  PSBs 
p a r tly  shown in  fig s . 7.6(a)-(d). As m entioned above, th e  in d e n ta tio n  in  
fig . 7.6(a) is  on a s e t  o f PSBs ly ing  on th e  c r i t ic a l  s lip  p lane. As 
seen  in  th is  f ig u re  s lip  t ra c e s  in  reg ions 1 and 8 a p p ea r w ell 
p ronounced  and lie  on th e  c r i t ic a l  p lan e  w hich lie  ro u g h ly  p a ra lle l  to  
th e  main PSBs. In fig . 7.6(c) th e  in d e n ta tio n  was made on th e  PSBs ly ing  
on th e  p rim ary  s lip  p lane. In reg io n s  1, 4, 5 and 8 o f th e  in d e n ta tio n  
seen  in  th is  f ig u re , s lip  tra c e s  lie  m ostly on th e  c r i t ic a l  s lip  p lane. 
In th e  d iagonal reg io n s  5/6, some s lip  tra c e s  a re  a lso  seen  on th e
con jugate  s lip  p lan e  (III) . In reg io n s  2 and 3 how ever s lip  tra c e s  a re  
o f a  wavy shape and  show a c o n sid e rab le  e ffe c t o f c ro s s -s l ip  from  th e  
prim ary  (111) to  th e  c ro s s -s lip  ( i l l )  p lane  and v ice  v e rsa . An alm ost 
s im ila r b u t com parative ly  le s s  p ronounced  s lip  tra c e  co n fig u ra tio n  
ap p ea rs  to  e x is t in  reg io n  6 o f th e  in d e n ta tio n . S lip  tra c e s  in  reg io n  3 
o r 4 ap p ea r to  leav e  some s te p s  on th e  su rface  ro u g h n ess  p ro f ile  o f th e  
PSBs w hile th is  e ffe c t is  n o t a p p a re n t in  th e  o p p o s ite  reg ion  7 o r 8. 
The tra c e s  do n o t look  eq u a lly  p ronounced  in  reg io n s  4 and 5, when 
com pared to  th o se  o f th e  in d e n ta tio n  on th e  p rim ary  PSBs, seen  in  fig . 
7.6(c). The wavy sh aped  tra c e s  in  reg io n s  2 and 3 how ever ap p ea r more 
enhanced  in  fig . 7.6(a) th a n  th e i r  c o u n te rp a r ts  in  reg io n s  2 and 3 of 
th e  in d e n ta tio n  in  fig . 7.6(c). In fig . 7.6(b) a c ra c k -lik e  groove
ap p ea rs  to  be re la te d  to  th e  in d e n ta tio n  induced  defo rm ation  p ro b ab ly  
because  th e  s lip  m ight have  been  ta k e n  up by th e  PSBs w hich c o n s ti tu te  a 
s o f t  p h ase  in  th e  fa tig u e d  specim ens.
7:2:3. FATIGUED AND INDENTED POLYCRYSTALLINE SPECIMENS.
F igu re  7.7(a) show s an SEM m icrograph  of a 100 gm in d e n ta tio n  made in  a  
fa tig u e d  specim en o f com m ercial p u r ity  PI. F igure  7.7(b) of a  h ig h e r 
m agn ifica tion  is  from  reg io n  'A' o f (a) a t  a  h ig h e r m agn ifica tion . The 
e ffe c t of an  in d e n ta tio n  made on th e  PSBs is  b e t te r  show n by th e  w ell 
p ronounced  and  w ell o rg an ised  co arse  s lip  s te p s  form ed n e a r  th e  
in d e n ta tio n  [fig . 7.7(b)]. The s lip  s te p s  caused  by th e  in d e n ta tio n  
ap p ea r to  be sp read in g  a c ro ss  th e  main sec tio n  o f th e  PSBs. P a r t  of 
th e se  PSBs seen  in  th is  f ig u re  lo o k s more o r le s s  lik e  a  la d d e r  w ith  
re g u la r ly  spaced  s h o r t  s lip  bands w hich have an approx im ate  spacing  of
0.5-0.6jLim (N. B. th is  v a lu e  does n o t ta k e  in to  acco u n t th e  angle  of 
p ro jec tio n ). The 'ru n g s ' o f th is  'lad d e r ' a p p ea r to  be alm ost 
p e rp e n d icu la r  to  th e  main PSBs. The su rfa ce  ro u g h n ess  p ro f ile  of PSBs 
shows th e  p resen ce  of e x tru s io n s  and in tru s io n s  along  them.
F igu res 7.7(c)-(d) show two o p tic a l m icrographs from  a p o ly c ry s ta llin e  
fa tig u e d  specim en in  w hich two 100 gm in d e n ta tio n s  w ere made in  a g ra in  
a t  d if f e re n t p laces  a f te r  fa tig u e  w ith  w heels W2-W4 up to  a to ta l  
cum ulative s t r a in  am plitude  o f a 158. One in d e n ta tio n  was made on a 
g roup o f p a ra lle l  PSBs [fig . 7.7(d)] and th e  o th e r  was made c lose  to  
th is  g roup  [fig . 7.7(c)]. A p p aren tly  th e re  is  no s ig n if ic a n t d iffe ren ce  
in  th e  sh ap es  of th e  two in d e n ta tio n s . However some d iffe ren c e  ap p ea rs  
in  th e  s lip  tra c e s  c o n fig u ra tio n s  in  th e  co rresp o n d in g  reg io n s  o f th e  
two in d e n ta tio n s . I t  ap p ea rs  th a t  s lip  lin e s  a round  th e  in d e n ta tio n  in  
fig . 7.7(c) a re  more fre q u e n t, in te n se  and wavy sh aped  th a n  th o se  a ro u n d  
th e  o th e r  in d e n ta tio n . The av erag e  d iagonal len g th  o f th e  in d e n ta tio n s  
in  fig  7.7(d) s 54jiim, ap p ea rs  to  be s h o r te r  by l-2jtim from  th a t  o f 
in d e n ta tio n  in  fig . 7.7(c) w hich is  s  56p,m. This o b se rv a tio n  how ever may
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be su b jec t to  an  exp erim en ta l e r ro r . The s id es  'ab ' and  'ad ' o f b o th  th e  
in d e n ta tio n s  in  m ost of th e i r  p a r ts  a re  more cu rved  o u tw ards th a n  th e i r  
o p p o site  s id es  'cd ' and 'be '. The bu lged  o u t p o rtio n s  o f th e se  s id es  a re  
a sso c ia te d  w ith  co n sid e rab le  s lip , w ith  one s e t  of s lip  tra c e s  ly ing  on 
th e  p rim ary  s lip  p lane  (s lip  t ra c e s  p a ra lle l  to  th e  PSBs) and th e  o th e r  
s e t  o f in te n se  and r a th e r  c o a rse  s lip  tra c e s  ly ing  on th e  secondary  s lip  
p lane. S ides 'be ', 'cd ' and  p a r t ly  s id e  'ad ' look  fa ir ly  s t r a ig h t  b u t 
a re  accom panied by a co n sid e ra b le  am ount of wavy s lip  re s u lt in g  from  
c ro s s -s lip  w hich ap p ea rs  to  be more f re q u e n t a ro u n d  th e  in d e n ta tio n  in  
fig . 7.7(c) th a n  th a t  in  fig . 7.7(d).
F igure  7.7(e) shows an SEM m icrograph  of a 100 gm in d e n ta tio n  made 
ad jacen t to  th a t  of (d). F igu re  7.7(f) is  of a h ig h e r m agn ifica tion  from  
reg ion  'p ' o f (e). From th is  f ig u re  i t  can be seen  th a t  th e  su rfa ce  
ro u g h n ess  p ro f ile  o f PSBs h as  an alm ost rib b o n  lik e  app earan ce  w ith  
q u a s i-p e r io d ic  v a r ia tio n s  in  i t s  n o tch  peak  topography . The e ffe c t of 
in d e n ta tio n  as seen  from  i t s  chopping  e ffe c t (s lip  s tep s)  on th e  su rfa ce  
o f PSBs ap p ears  to  be le s s  p ronounced  on th e  PSBs them selves th a n  is  
seen  on th e  in te rs p e rs e d  le ss  p ronounced  co arse  s lip  bands ly ing  in  
reg io n s  betw een th e  PSBs in  fig . 7.7(f). The su rfa ce  o f th e  s lip  bands 
ap p ea rs  to  be in te rs e c te d  by a num ber o f s lip  s tep s . An alm ost 
q u a s i-p e r io d ic  and w ell p ronounced  saw -to o th  sh ap ed  n o tch  peak  
topo g rap h y  g ives th e  ap p earan ce  o f a lm ost a lad d er. The ru n g s  of th e  
la d d e r ap p ea r to  be p a ra lle l  and re g u la r ly  spaced. A d a rk  lin e  n e a r th e  
s id e  'ad ' o f th e  in d e n ta tio n  g ives th e  ap p earan ce  o f a  deep groove 
resem bling  a sm all c rack , b u t th e re  is  no fu r th e r  ev idence to  confirm  
i t .  F igu res 7.8(a)-(c) show some SEM m icrographs from  a fa tig u e d  and 
in d en ted  p u re  p o ly c ry s ta llin e  specim en P3. F igu res 7.8(a) and (c) show 
two 100 gm in d e n ta tio n s  made n e a r PSBs in  a g ra in  a t  two d if fe re n t
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p laces. F igure  7.8(b) shows a p a r t  'p ' o f th e  PSBs in  reg io n s  1, 8 of 
th e  in d e n ta tio n  in  fig . 7.8(a) a t  a h ig h e r m agn ifica tion . In th e se  
reg ions, as seen  b e t te r  in  fig . 7.8(b), s lip  lin e s  ap p ea r to  be ru n n in g  
ac ro ss  th e  w ell developed  g roup  o f PSBs as judged  by th e i r  approx im ate  
co n tin u ity  on th e  su rfa ce  ro u g h n ess  p ro f ile  of PSBs. S lip  lin e s  a re  n o t 
v e ry  d is t in c t  b u t th e  s lip  s te p s  on th e  PSBs ap p ea r to  be q u ite  re g u la r , 
eq u a lly  spaced  and fa ir ly  p a ra l le l  to  one an o th er. Most o f th e se  s lip  
s te p s  ap p ea r to  be a ligned  p a ra l le l  to  a s in g le  d ire c tio n  b u t a  sm all 
g roup o f them  seen  n e a r th e  bo ttom  of th e  fig . 7.8(b) ap p ea rs  to  be 
a ligned  in  a d if f e re n t d ire c tio n . The o v e ra ll su rfa c e  app earan ce  o f 
th e se  PSBs resem bles a  s a w -to o th  shaped  n o tc h -p e ak  topography . The 
v a r ia tio n  in  th is  to p o g rap h y  along  th e  PSBs ap p ea rs  to  be q u ite  re g u la r  
and alm ost p e rio d ic . The s lip  s te p s  have an approx im ate  spacing  of 
1 .3 -1 .4 /L im . A s im ila r s i tu a t io n  is  seen  in  fig . 7.8(c) w here th e  e ffe c t 
of in d e n ta tio n  on th e  fa tig u e d  specim en can again  be seen  in  th e  form  of 
b o th  th e  a n iso tro p ic  enhancem ent of s lip  (i.e. th e  in te n se  s lip  s tep s) 
in  d if fe re n t reg io n s  of th e  in d e n ta tio n . The p resen ce  o f su rfa ce  
ro u g h n ess  p ro f ile  in  th e  form  of e x tru s io n s  and in tru s io n s  is  a lso  
b e t te r  seen  in  th e se  f ig u re s . The d is to r tio n  in  th e  shape  o f th e  
in d e n ta tio n  in  fig . 7.8(a) h as  p ro b ab ly  been in tro d u ce d  w hile m aking th e  
in d e n ta tio n . Such d is to r t io n s  how ever have a lso  been seen  in  some more 
specim ens. I t  may th e r fo re  be eq u a lly  p o ssib le  th a t  su ch  a d is to r t io n  
would have som ething to  do w ith  th e  s lip  o f a fa tig u e d  m a te ria l in  th e  
form  of s lab s  in  reg io n s  w hich o th e rw ise  look  v e ry  h a rd  lik e  reg io n s  6, 
7 o f th e  in d e n ta tio n  in  fig . 7.8(c).
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7:3. TRANSMISSION ELECTRON MICROSCOPE OBSERVATIONS.
(i) ORIENTATION U, SPECIMEN F il.
-3 4T his specim en was fa tig u e d  a t  a to ta l  s t r a in  am plitude  1.4X10 fo r  10 
cycles and in d en ted  w ith  a  100 gm load .
F igure  7.9 show s some ty p ic a l TEM m icrographs from  some reg io n s  o f th e  
in d e n ta tio n  w hich had  an alm ost s im ila r su rfa ce  to p o g rap h y  and s lip  
tra c e  d is tr ib u tio n  as th a t  o f th e  in d e n ta tio n  shown in  fig . 7.9(f). In 
reg io n s  5 and 6 some s lip  tra c e s  on th e  c r i t ic a l  p lan e  (111) w ere a lso  
seen. F ig u res  7.9(a) and (b) a re  from  (03Ï) o r ie n ta tio n  o f th e  specim en 
and show th e  d is lo c a tio n  s t ru c tu re s  from  reg ion  2 o f th e  in d e n ta tio n  
made in  th e  fa tig u e d  specim en. These reg io n s  w ere lo c a ted  a t  a d is ta n ce  
of n ea rly  in  th e  ran g e  betw een  1.2 to  1.5d from  th e  c en tre  o f th e  
in d e n ta tio n , w here 'd ' = 58jiim, is  th e  average  d iag o n al len g th  o f th e  
in d e n ta tio n . The L adder s t ru c tu re ,  seen  in  fig . 7.9(a) co rre sp o n d s  to  
th e  PSBs ly ing  on th e  co n ju g ate  s lip  p lane  (III) w ith  an  averag e  w all 
spacing  of a l.ôjutm (N. B. th e  p ro je c tio n  angle h as  n o t been  ta k e n  in to  
account). The la d d e r  s t ru c tu re  ap p ea rs  to  be evo lved  from  th e  p a r t ly  
condensed w a ll-lik e  iso la te d  loop p a tch es  such  as th o se  in  fig . 5.8(c), 
u n d e r th e  e ffe c t of ap p lied  s t r e s s e s  in  th is  reg ion . This is  m erely 
because  th e  ru n g s of th e  la d d e r  a p p ea r to  be ro u g h ly  a lig n ed  p a ra lle l  to  
th e  e longated  loop p a tch e s  of th e  su rro u n d in g  m atrix . In a d d itio n , th e  
w alls of th e  la d d e r  a lso  a p p ea r r a th e r  ill-d e f in ed . Some o f them  co n ta in  
sm all c lu s te rs  o f loop p a tch e s  a p p a ren tly  lin k ed  to  th e  w alls  b u t 
g en era lly  e lo n g ated  in to  ch an n e ls  w hich look  o th e rw ise  a lm ost f re e  of 
d is lo ca tio n s . A co n sid e rab le  am ount of d is lo c a tio n  d e b ris  can how ever be 
seen  in  th e  channels  of th e  loop  p a tch es  in  th e  ad jacen t m atrix  
s tru c tu re . In fig . 7.9(b) an is o la te d  dense w all seen  in  th e  m iddle of 
th e  fig u re  and su rro u n d ed  by th e  c le a r  ch annels  m ight be form ing a p a r t
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of sm all la d d e r  (p robab ly  evo lved  due to  th e  in d e n ta tio n  s tre s s e s )  ly ing  
on th e  p rim ary  s lip  p lane  (111). The m ost fre q u e n tly  found  B urgers 
v e c to r  of th e  d is lo c a tio n s  in  th e  ch an n e ls  of th e  la d d e r  is  ±a/2 [O il] 
o r  ±a/2 [101]. F ig u res  7.9(b)-(d) show some a d d itio n a l m icrographs 
ty p ic a l o f reg io n  1 and 2. In th e se  fig u re s , again  a  h y b rid  ty p e  o f 
d is lo c a tio n  s t ru c tu re  co n ta in in g  p a r t ly  condensed loop p a tch e s  is  seen  
in te rs p e rse d  w ith  some dense  w alls. The w all segm ents seen  in  th e se  
f ig u re s  again  ap p ea r to  be form ed o u t o f th e  sh ea re d  loop p a tch es  and 
seem to  be ro u g h ly  a lig n ed  p a ra l le l  to  th e  p a re n t loop  p a tch es  w hich 
a lso  ap p ea r m ostly  in te r lin k e d . The channels  of th e  il l-d e f in e d  w alls 
seen  in  th e se  f ig u re s  ap p ea r to  be occupied  by th in  and p a ra lle l  
w a ll- lik e  c lu s te rs  o f d is lo c a tio n s  as  seen  p a r t ic u la r ly  in  fig . 7.9(c). 
These sm all c lu s te rs  o f d is lo c a tio n s  lie  along d ire c tio n s  w hich a re  
d if fe re n t from  th o se  o f th e  o rig in a l w alls. Most o f th e  ch annels  betw een 
th e se  c lu s te rs  a lso  a p p ea r to  co n ta in  a c o n sid e rab le  c o n ten t of 
d is lo c a tio n s  [fig . 7.9(c)]. Some o f th e  channels  how ever ap p ea r q u ite  
fre e  o f d is lo c a tio n s  e.g. th o se  seen  in  fig s . 7.9(b) and (d). F ig u res  
7.9(e) and (f) show th e  d is lo c a tio n  s tru c tu re  in  reg io n  8 o f th e  
in d e n ta tio n . In  fig . 7.9(e), a  la d d e r  ty p e  d is lo c a tio n  s t ru c tu re  is  seen  
in  w hich th e  ru n g s o f th e  la d d e r  ap p ea r to  be sh ea re d  n e a rly  from  th e i r  
cen tre s . A narrow  c le a r  t r a c k  ru n n in g  alm ost th ro u g h  th e  m iddle o f th e  
la d d e r and alm ost p a ra lle l  to  i t  co rre sp o n d s  to  s lip  tra c e s  on th e  
c r i t ic a l  s lip  p lane  (111). The t r a c k  ap p ears  a band  of re la tiv e ly  
d is lo c a tio n  fre e  m a te ria l. Some ch an n e ls  of th e  w alls  g ive d a rk  c o n tra s t  
in  th e  main la d d e r  show ing p ro b ab ly  th e  p re sen ce  o f lo ca l s t r a in  w hich 
is  n o t o bserved  in  a  la d d e r  s t r u c tu r e  o bserved  a f te r  fa tig u e  alone. Some 
o th e r  m iso rie n ta tio n s  a re  a lso  seen  in  p a r ts  o f th is  f ig u re  e.g. a t  th e  
to p  r ig h t  c o rn e r and a t  i t s  le f t  hand  side . In fig . 7.9(f) how ever some
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loop p a tch e s  hav ing  a  w a ll- lik e  app earan ce  lie  on th e  c r i t ic a l  s lip  
p lan e  (111).
F ig u res  7.9(g) and (h) show d is lo c a tio n  s t ru c tu re  from  reg io n  7 and 8 o f 
th e  in d e n ta tio n . In  fig . 7.9(g) some dense w alls  o f d is lo c a tio n s  a re  
seen  w hich ap p ea r to  co n ta in  some w all segm ents w hich a re  d is to r te d  and  
curved . The w alls l ie  ro u g h ly  norm al to  [101] o r  [110] d ire c tio n s  ly ing  
on th e  c r i t ic a l  s lip  p lane. The ch an n e ls  of th e se  w alls  ap p ea r to  have 
some d is lo c a tio n  c o n ten t in  them . F ig u re  7.9(h) show s a la d d e r  ly ing  on
th e  prim ary  s lip  p lane  (111) w ith  ru n g s  'b ro k en ' in  a  num ber o f p laces.
Some segm ents o f th e  w alls  a p p e a r  to  have  been d e tach ed  from  th e  b ro k en  
ru n g s of th e  la d d e r  ly ing  on th e  p rim ary  s lip  p lan e  and have  re a rra n g ed  
them selves to  form  w alls  ro u g h ly  p e rp e n d icu la r  to  th e  co n jugate  s lip  
p lane  (ÏÏ1). These newly form ed th in  w alls, ca lled  'seco n d ary  w alls ', 
l ie  a lm ost p a ra lle l  to  one a n o th e r  in  th e  ch annels  o f th e  p a re n t w alls. 
The average  spacing  o f th e se  seco n d ary  w alls is  sé 0.65jLim. I t  is  f u r th e r  
seen  in  th e se  f ig u re s  th a t  th e  m ajo rity  of th e  ch an n e ls  o f th e se  sh ea red  
and il l-d e f in e d  p rim ary  w alls  as w ell as th e  seco n d ary  w alls ap p ea r to  
be re la tiv e ly  fre e  o f d is lo c a tio n s  ex cep t in  th e  v ic in ity  of th e  h eav ily  
deform ed reg io n s  i.e . n e a r  th e  in d e n ta tio n .
(ii) ORIENTATION U, SPECIMENS FI2, FI3.
-3These specim ens w ere fa tig u e d  a t  a to ta l  s t r a in  am plitude , 1.6X10 fo r  
10^ cycles and in d en ted  w ith  a  100 gm load.
F ig u res  7.10(a) and (b) show th e  ty p ic a l d is lo c a tio n  s t ru c tu re s  from 
(03Ï) o r ie n ta tio n  o f th e  specim en FI2 from  reg io n  7/8 o f th e  
in d e n ta tio n . These f ig u re s  a re  ex p ec ted  to  show only  a  sm all e ffe c t o f 
th e  in d e n ta tio n  on th e  d is lo c a tio n  s t ru c tu re s  o f th e  fa tig u e d  specim en 
m erely because  th e  reg io n s  s tu d ie d  w ere lo ca ted  a l i t t l e  f a r th e r
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(approx im ate ly  a t  a  d is ta n c e  o f 2-3d) from  th e  c en tre  o f th e
in d e n ta tio n , w here 'd ' is  th e  average  d iagonal le n g th  o f th e  
in d e n ta tio n . The o v e ra ll d is lo c a tio n  s t ru c tu re  p r io r  to  in d e n ta tio n  
resem bled  th a t  o f fig . 5.8(a) and  7.1(a). The d is lo c a tio n  s tru c tu re s  
shown in  th e se  f ig u re s  c o n s is t m ainly o f a n e tw ork  o f p a r t ly  condensed  
in te r lin k in g  loop p a tch e s  in te rs p e r s e d  w ith  some th in  w alls. The w alls  
(o r some o f th e i r  segm ents) a re  a lig n ed  along d if fe re n t  d ire c tio n s  and 
ap p ea r to  in vo lve  more th a n  one s lip  system  w hich belong  m ainly to  th e  
p rim ary  (111), th e  c r i t ic a l  (111) an d /o r th e  con ju g ate  (111) s lip  p lane. 
Among th e  main d is lo c a tio n  s t ru c tu re s ,  a few incom plete  la d d e rs  some of 
them  v e ry  narrow , a re  a lso  seen  ly ing  on th e  co n ju g ate  p lan e  (III). The 
w alls of th e se  la d d e rs  l ie  ro u g h ly  norm al to  ±[011] d ire c tio n  and have  
an average  w all spacing  of ap p rox im ate ly  l.l/nm. The ch an n e ls  o f th e  
la d d e rs  ap p ea r to  co n ta in  some d is lo ca tio n s . Among th e  m ostly  
in te r lin k in g  netw ork  o f w alls  and loop p a tch es , some is o la te d  loop 
p a tch es  and w alls a re  a lso  seen  in  th is  fig u re .
F igure  7.10 shows some TEM m icrographs show ing ty p ic a l d is lo c a tio n  
s t ru c tu re s  m ainly from  reg io n s  2 an d /o r 3 of th e  in d e n ta tio n  made in  th e  
fa tig u e d  specim en FI3. In fig . 7.10(c) a w ell de fin ed  la d d e r  is  seen  
su rro u n d ed  by some e lo n g ated  loop p a tch es . The w alls  o f th e  la d d e r  look  
fa ir ly  re g u la r  and lie  ro u g h ly  p a ra l le l  to  th e  e lo n g a ted  loop p a tch e s  of 
th e  su rro u n d in g  m atrix  s t ru c tu re .  The la d d e r i t s e l f  l ie s  on th e  
con jugate  s lip  p lane  w ith  w alls  ro u g h ly  norm al to  ±[101] d irec tio n . The 
la d d e r s t ru c tu re  ap p ea rs  to  be a sso c ia te d  w ith  th e  in te n se  su rfa c e  s lip  
bands as seen  a ro u n d  th e  in d e n ta tio n  s im ila r to  th a t  seen  in  fig . 
7.5(c). F igure  7.10(d) show s to  some ex ten t, th e  p re sen ce  o f some 
sh ea red  w a ll- lik e  bun d les  o f d is lo c a tio n s . A c le a r  t r a c k  'LM' is  seen  
ru n n in g  ac ro ss  th e  f ig u re  (alm ost th ro u g h  i t s  m iddle) along w hich th e
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W 2 lU s ap p ear to  be sh ea re d . A l ig h t  d a rk  c o n tra s t  and  some in te r l in k in g  
sh e a re d  w all segm ents a re  a lso  seen  in  th e  ch an n e ls  n e a r  th is  tra c k . The 
d a rk  c o n tra s t seen  in  some reg io n s  of fig. 7.10(e) and (f) a p p e a rs  to  be 
s t r a in  c o n tra s t and  show s th e  p re sen ce  of some re s id u a l  s t r e s s e s .  A c e ll 
ty p e  d is lo ca tio n  s t r u c tu r e  can  a lso  be seen  in  some p a r t s  o f th e se  
f ig u re s . Some m iso rie n ta tio n  among th e  cell ty p e  s t r u c tu r e  and  some w all 
segm ents a p p a re n tly  d e tach ed  from  th e  sh ea red  c e ll w a lls  can  a lso  be 
seen  ly ing  in  th e  ch an n e ls  o f th e  w alls an d /o r ce lls .
( ii i)  ORIENTATION U, SPECIMEN FI4.
-3T his specim en was fa tig u e d  a t  a to ta l  s t r a in  am p litu d e , 1.9X10 fo r
410 cycles and in d e n te d  w ith  a 100 gm load.
F ig u re  7.11 show s some ty p ic a l d is lo c a tio n  s t ru c tu re s  from  reg io n s  6, 7 
and  8 o f th e  in d e n ta tio n . M icrographs tak en  from  th e s e  reg io n s  show ed 
th e  p resence  o f a  c e ll ty p e  d is lo c a tio n  s tru c tu re  in te r s p e r s e d  w ith  long  
d en se  and g en era lly  th ic k  w alls  ly ing  rough ly  p a ra l le l  to  <100> ty p e  
d ire c tio n s . [Both ty p es  o f th e  s tru c tu re  have  b een  seen  ly ing
in te rs p e r s e d  w ith  one a n o th e r  in  alm ost a ll  o f th e  re g io n s  s tu d ie d ] . 
F ig u re  7.11(a) and a  p a r t  o f fig . 7.11(b) show long w a lls  w hich a p p ea r 
to  b e  developed and  w ell o rg an ised . The ch an n e ls  be tw een  th e  w alls  
c o n ta in  a num ber o f d is lo c a tio n s  w hich a re  p red o m in an tly  o f a  screw  
c h a ra c te r . These w alls  w hich a p p e a r  to  be o r ie n te d  ro u g h ly  norm al to  
<100> type  d ire c tio n s  have  an  av erag e  w all spac ing  o f s  0.9/nm. The ce ll 
ty p e  s tru c tu re  in  fig . 7.11(c)-(d) ap p ears  to  c o n s is t o f  w alls  w ith
segm ents which a re  o r ie n te d  in  d if fe re n t d ire c tio n s  in v o lv e  m ostly  th e
s lip  system s o f th e  p rim ary  (111), th e  con jugate  (III) o r  th e  c r i t ic a l  
(111) s lip  p lanes. In  th e  c e ll ty p e  d is lo ca tio n  s t ru c tu re ,  some o f th e  
w a lls  ap p ear to  h av e  b ro k en  down. These ce lls  a lso  show  m iso rie n ta tio n s
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in  some o f them  and  enclo se  ch an n e ls  w hich a p p e a r  to  be p a r t ly  f re e  of 
d is lo c a tio n s  and p a r t ly  f i l le d  w ith  a num ber o f d is lo c a tio n s  w hich 
v a r ie s  from ce ll to  ce ll. The fo llow ing  B urgers v e c to rs  h av e  been  found  
fre q u e n tly  in  th e se  reg io n s , ±a/2 [O il], ±a/2 [1Ï0], ±a/2 [101] o r ±a/2
[110] and ±a/2 [O il] o r ±a/2 [Î01].
(iv) ORIENTATION E, SPECIMEN FI5.
-3T his specim en was fa tig u e d  a t  a to ta l  s t r a in  am p litu d e  1.4X10 fo r  
3x10^ cycles fo llow ed  by 10^ cycles a t  a  to ta l  s t r a in  am plitude , 
1.9X10  ^ and in d e n te d  w ith  a 100 gm load.
F ig u re  7.12 show s some ty p ic a l TEM m icrographs o f th i s  specim en from  th e  
bou n d ary  reg io n s  1/8 and  4/5 o f th e  in d e n ta tio n . F ig u res  7.12(a) and (b) 
show  th e  d is lo c a tio n  s t ru c tu re  in  (132) o r ie n ta t io n  o f th e  specim en from  
reg io n  1/8. The d is lo c a tio n  s t ru c tu re s  seen  in  th e s e  f ig u re s  c o n s is t 
m ainly o f dense w alls  w hich ap p ea rs  to  be in te r l in k e d  w ith  th e  
su rro u n d in g  w a ll- lik e  loop  p a tc h e s  (which cou ld  a lso  p ro b ab ly  be w alls 
o f d is lo c a tio n s  a t  angle). The o v e ra ll d is lo c a tio n  s t r u c tu r e  g ives th e  
ap p earan ce  of a c e ll ty p e  s t r u c tu r e  w ith  some m iso rie n ta tio n  in  some o f 
i t s  reg ions. F ig u res  7.12 4(c) and (d) show th e  d is lo c a tio n  s t ru c tu re  
from  reg io n s  4/5 o f th e  in d e n ta tio n . From th e se  f ig u re s , i t  can be seen  
t h a t  th e  d en se  w alls  o f d is lo c a tio n s  a re  m ostly  b ran ch ed  and to  some 
e x te n t ap p ear cu rved . Some segm ents o f th e se  w alls  w hich a re  fa ir ly  
p a ra l le l  and w ell d e fin ed  a p p e a r  to  form  la d d e rs  ly in g  ro u g h ly  on th e  
c r i t ic a l  s lip  p lan e  and  h ave  an average  w all sp ac in g  o f  ^ 0.75pm. Some 
segm ents o f th e se  w alls  a re  ro ugh ly  norm al to  <100> ty p e  d ire c tio n s  
[f ig s . 7.12(d) and (f)]. The ch an n e ls  o f th e  w alls  a p p e a r  to  co n ta in  a 
co n sid e rab le  d e n s ity  o f d is lo c a tio n s . In fig . 7.12(e) b o th  w all and ce ll 
ty p e  d is lo ca tio n  s t r u c tu r e s  a p p ea r to  be c o -e x is tin g . The w alls w hich
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a p p ea r m ostly sw egm ented in v o lv e  p a r t ly  th e  p rim ary  and p a r t ly  th e  
c r i t ic a l  s lip  system s. A f e a tu re  w hich a p p ea rs  common to  a l l  th e se  
f ig u re s  is  th a t  th e  w alls  a re  in te r l in k e d  w ith  th e i r  su rro u n d in g  loop  
p a tc h e s  in  a  way to  form  a b ran ch ed  n e tw o rk  o f w alls  an d /o r loop  
p a tch e s , [see  in  p a r t ic u la r  f ig s . 7.12(d) and (e)]. In  a d d itio n  th e  
w alls  ap p ea r ro u g h ly  a lig n ed  to  th e  a d jacen t p a r t ly  condensed  loop  
p a tch es . N early a l l  th e  s ix  B urgers v e c to rs  have  been  found  in  th is  ty p e  
o f d is lo c a tio n  s t ru c tu re .
7:4. DISCUSSION OF THE RESULTS.
From th e  s tu d y  o f th e  su rfa c e  to p o g rap h y  o f in d e n ta tio n s  made in  th e  
fa tig u e d  specim ens, i t  h a s  been  fo und  th a t  th e  s l ip  tra c e  d is t r ib u tio n  
a ro u n d  in d e n ta tio n s  becom es more a n iso tro p ic  and  inhom ogeneous th a n  
fo und  in  th e  u n fa tig u e d  specim ens. In  o th e r  w ords th e  d e fo rm ation  
(es tim ated  by th e  in te n s i ty  o f th e  s rfa c e  s lip ) a sso c ia te d  w ith  th e  
in d e n ta tio n s  is  enhanced  co n s id e ra b ly  in  p a r t ic u la r  reg io n s . T his e f fe c t  
(enhanced  deform ation) g e n e ra lly  a p p ea rs  in  th e  form  o f a  few b u t w ell 
p ronounced  s lip  s te p s  as  seen  in  fig s . 7.8(a) and (b). The defo rm ation  
in  some reg io n s  o f th e  in d e n ta tio n  how ever a p p ea rs  to  be red u ced  
co n sid erab ly , p a r t ic u la r ly  in  th o se  reg io n s  w here i t  is  a p p a re n tly  
s ig n if ic a n t (around  th e  in d e n ta tio n s )  in  th e  an n ea led  specim ens. T his 
e f fe c t  is  obv iously  r e la te d  to  th e  h e te ro g en eo u s  n a tu re  o f th e  p la s t ic  
d efo rm ation  and th e  h a rd n e ss  in tro d u c e d  in to  th e  specim ens by th e  
fa tig u e  cycling p ro cess . The in c re a se d  h a rd n e ss  o f th e  fa tig u e d  m a te ria l 
m ost p robab ly , b locks th e  p ro c e ss  o f an easy  s lip  (of d is lo c a tio n s) 
th e re b y  d ecreasing  th e  av erag e  d iag o n a l le n g th  o f th e  in d e n ta tio n s  made 
in  th e  fa tig u ed  specim ens. T hus p o ssib ly , th e  lo c a l s t r a in  due to  
in d e n ta tio n  becomes le ss  com pared w ith  th e  an n ea led  case . The rea so n  why
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th e  s l ip  t ra c e s  a ro u n d  th e  in d e n ta tio n  a re  m ore in te n s e  in  some reg io n s  
th a n  th e  o th e rs  and  a re  lim ited  in  th e i r  e x te n ts  may be ex p la in ed  by th e  
v e ry  n a tu re  o f th e  in te rn a l  d is lo c a tio n  s t r u c tu r e s  o f th e  fa tig u e d  
specim ens. I t  is  now w ell know n th a t  specim ens (of easy  g lide  
o r ie n ta tio n s )  fa tig u e d  a t  s a tu ra t io n  a re  d iv id e d  m ostly  in to  tw o 
d is t in c t  volum es as  h a s  been  e x p la in ed  by th e  tw o p h a se  model o f W inter 
(1973). The h a rd e r  p h ase , w hich is  m atrix  a p p e a rs  to  o f fe r  more 
re s is ta n c e  to  th e  g lid in g  d is lo c a tio n s  p ro b a b ly  by form ing s tro n g  
b a r r ie r s .  H ow ever th e  a v a ila b il i ty  o f many d is lo c a tio n s  p ro b ab ly  on more 
thcin one s lip  system  and  th e  p o s s ib il i ty  of c ro s s - s l ip  means t h a t  th e  
d if f ic u l t  sh ap e  change o f in d e n ta tio n  is  more re a d ily  accom m odated. I t  
is  ex p ec ted  th a t  th e  d is lo c a tio n s  w hile  fo rced  to  g lid e  on one o r  more 
h ig h ly  s tre s s e d  s lip  system s, th e  dense  loop p a tc h e s  w hich become in  a 
sen se , b a r r ie r s  to  th e  g lid ing  d is lo c a tio n s  o f fe r  le s s  re s is ta n c e  to  th e  
d is lo c a tio n s  o f th e  a c tiv e  s lip  system s th a n  th e  o th e r  alm ost in a c tiv e  
s lip  system s. In th is  su g g es tio n s  th e  ac tiv e  re g io n s  p resum ab ly  co n ta in  
more volum e f ra c t io n  o f  com p ara tiv e ly  s o f t p h ase  (PSBs, p a r tly  condense  
w alls) th a n  th e  in a c tiv e  reg io n s . The fa c t  t h a t  in  some cases  th e  
su rfa c e  s lip  s te p s  h ave  been  seen  on th e  ro u g h n ess  p ro f ile  o f PSBs as  
seen  in  fig . 7.7(b) and  7.8(a)-(c), w hile  n o t seen  d is t in c t ly  in  o th e rs  
[e. g. in  fig s . 7.4(c) and (f)] may be r e la te d  to  th e  d is lo c a tio n  
s t ru c tu re  o f PSBs.
The w alls  o f th e  PSBs occupy a much sm aller f r a c t io n  o f th e  PSBs volum e 
th a n  th e  f r a c tio n  occup ied  by d is lo c a tio n  b u n d le s  in  th e  m atrix  (slO.0% 
occupied  by w alls  in  PSBs com pared to  50% occu p ied  by loop p a tch e s  in  
th e  m atrix ). For th is  re a so n  th e  PSB w alls a re  th o u g h t to  be re la t iv e ly  
v e ry  h a rd  (M ughrabi 1978) and d if f ic u l t  fo r  th e  in d e n ta tio n  induced  
s t r a in  to  p e n e tra te , u n le ss  th e y  a re  tran sfo rm ed  in to  a  ce ll s t ru c tu re .
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The p resen ce  o f a c e ll s t r u c tu r e  fo r  s a w -to o th  sh ap ed  PSBs m ight be 
deduced  p a r t ly  from  th e  sh ap e  o f th e  s lip  s te p s  on th e  su rfa ce  ro u g h n ess  
p ro f ile  o f PSBs in  th e  p o ly c ry s ta ls  (fig s. 7.7 and  7.8) and  p a r t ly  from  
th e  spac ing  betw een  th e se  s te p s . The av erag e  s te p  spacing  m easured  from  
th e  su rfa c e  ro u g h n ess  p ro f i le  o f th e  PSBs v a r ie s  from  specim en to  
specim en, depending  m ostly  on th e  am ount o f fa tig u e  cycling. As 
m entioned  e a r l ie r  (in  th e  s e c tio n  o f su rfa c e  o b se rv a tio n s ) th e  av erag e  
s te p  spacing  is  as 0.6 fo r  specim en P I (com m ercial p u r i ty  p o ly c ry s ta l) , at
l.Zfim fo r  P3 (pure  p o ly c ry s ta l) , fo r  P3 is  as 1.2pm and a 0.65 fo r  Cl 
(s in g le  c ry s ta l) . These v a lu e s  a re  com parab le  to  av erag e  size o f c e lls  
in  th e  c e ll ty p e  d is lo c a tio n  s t ru c tu re ,  g e n e ra lly  re p o r te d  in  th e  
l i t e r a tu r e  and a lso  found  in  th e  p re s e n t w ork (tab le  5.3). Such an 
e x p lan a tio n  how ever h as i t s  l im ita tio n s  as  i t  is  v e ry  d if f ic u l t  to  
e s ta b lis h  th e  u n d erly in g  s t r u c tu r e s  m erely  from  th e  su rfa c e  
o b se rv a tio n s . In th e  case  o f fa tig u e d  on ly  specim ens , i t  h as  been  seen  
th a t  in  some cases  a t  le a s t  f r e s h  PSBs form a t  th e  edges o f th e  p o lish e d  
away PSBs a f te r  f u r th e r  fa t ig u e  (fig. 5.2). I t  may th e r fo re  be 
re a so n a b le  to  assum e th a t  th e  d is lo c a tio n  s t r u c tu r e  n e a r  th e  edges o f 
th e  PSBs is in  a  s ta te  o f in te rm e d ia te  h a rd n e ss  (p robab ly  hav ing  th e  
co n fig u ra tio n  o f p a r t ly  co ndensed  loop  patches).T o  ex p la in  th e  s lip  and 
c ro s s -s l ip  s te p s  as seen  p a r t ic u la r ly  in  f ig  7.3, i t  seems p ro b ab le  
th a t ,  in  th e se  reg io n s , th e  d is lo c a tio n s  o r ig in a lly  a rran g ed  in  loop  
p a tch e s , a re  re a rra n g e d  and  to  some e x te n t bow o u t u n d e r th e  e f fe c t  o f 
th e  in d e n ta tio n  s t r e s s  to  form  screw  dom inated  d is lo c a to n  loops and 
g lid e  o u t to  th e  su rfa c e  o f th e  specim en in  th o s e  reg io n s  w here th e  th e  
s lip  and  c ro s s -s lip  is  e n e rg e tic a lly  fa v o u ra b le . Since d is lo c a tio n s  a re  
more o r  le s s  a rran g ed  in  d ense  b u n d le s  o r  loop  p a tch es  enclo sing  alm ost 
em pty reg io n s  (channels), th e  p ro c e ss  o f  g lid ing  o u t w h e re -ev e r
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fa v o u ra b le , a p p ea rs  to  be c o lle c tiv e  r a th e r  th a n  s ta t i s t i c a l .  T his may 
be th e  rea so n  why th e  flow  o f th e  m a te ria l is  in  th e  form  o f s la b s  as  
seen  m ore c le a r ly  in  fig  7.3. C ro s s -s lip  needs screw  ty p e  d is lo c a tio n s  
(o r screw  dom inated  d is lo c a tio n  loops) w hich need  n u c lé a tio n  so u rc e s  fo r  
th e i r  m u ltip lic a tio n . T his argum en t ap p ea rs  to  be ju s t i f ie d  to  some 
e x te n t  p a r t ly  by th e  f a c t  th a t  th e  d is lo c a tio n  s t r u c tu r e  a s so c ia te d  w ith  
th e  in d e n ta tio n s  is  n o t la ck in g  in  screw  type  d is lo c a tio n s  (re p o rte d  in  
C h ap te r  4) and  p a r t ly  b ecau se  th e  s tre s s e s  induced  by th e  in d e n ta tio n  
a re  s u f f ic ie n t  enough, a t  le a s t  in  th e  v ic in ity  o f th e  in d e n ta tio n , to  
n u c le a te  su ch  a  screw  dom inated  d is lo c a tio n  s tru c tu re .
A ccording to  th is  view , screw  d is lo c a tio n s  o f th e  p rim ary  PSBs h av in g  
B urgers  v e c to rs  a/2 [Î01] ly in g  on th e  p rim ary  s l ip  p lan e  (111) can 
c ro s s -s l ip  to  th e  c ro s s -s l ip  p la n e  (111) along [Ï01] w hich is  common to  
b o th  p lan es . T his p ro cess  can  g ive  s l ip  tra c e s  on th e  c ro s s -s l ip  p lan e  
p ro v id ed  i t  is  more fa v o u ra b le  (reg ard in g  in te rn a l  s tr e s s e s ) to  do so 
com pared w ith  th e  o th e r  seco n d a ry  s lip  system s. In th e  case  o f c ry s ta ls  
of o r ie n ta t io n s  C l and  U, s l ip  v e c to rs  ±a/2 [Ï01] o r  ±a/2 [Î10] and  ±a/2 
[O il] o r  ±a/2 [101] a p p e a r  to  be a c tiv e  in  fa tig u e  cycling  ( re p o rte d  in  
C h ap te r  5). The in d e n ta tio n  in d u ced  s t re s s e s  in  th e  reg io n s  2 o r  3 in  
th e  case  o f C l and  3 o r  4 fo r  U -o rien ted  specim ens seem s to  be cau sin g  
d is lo c a tio n s  o f th e se  B urgers  v e c to rs  to  move on th e  co n ju g a te  s l ip  
p lan e , p a r t ic u la r ly  in  th e  v ic in ity  o f PSBs. The reg io n s  o f th e se  
specim ens (Cl and  U) w here d is lo c a tio n s  p roduced  by th e  in d e n ta tio n  h av e  
p red o m in an tly  th e  B urgers v e c to r  a/2 [O il] cou ld  in te r a c t  w ith  th e  o th e r  
p rim ariy  d is lo c a tio n s  to  g ive  a  re a c tio n  o f th e  type ,
a/2 [Ï01] a/2 [O il] = a/2 [Ï10]   (7.1).
The p ro d u c t d is lo c a tio n s  w ith  th e  B urgers v ec to r , a/2 [110] ly ing  on th e  
p rim ary  s lip  p lan e  (111) m ight f in d  d if f ic u l t  to  g lid e  on th e i r  own s lip
127
p la n e  in  th e  p re sen c e  o f edge ty p e  d ip o la r  c o n fig u ra tio n  o f th e  
p rim arie s  in  th e  fa tig u e d  s t r u c tu r e ,  w ith  th e  B urgers  v e c to r  a/2 [Ï01] 
and  could  e a s ily  c ro s s - s l ip  on to  th e  con ju g ate  s l ip  p lan e  (III) u n d e r 
th e  e f fe c t  of th e  in te rn a l  and  e x te rn a l  s tre s s e s . T h is  is  in  agreem ent 
w ith  th e  su rfa ce  a s  w ell TEM o b se rv a tio n s  in  th e  case  o f specim ens o f 
o r ie n ta t io n  U, w here  th e  B u rg ers  v e c to r  of th e  d is lo c a tio n s , a/2 [O ll] 
h a s  been  found  f re q u e n tly  in  th e  d iag o n a l reg io n  1/2 o f th e  in d e n ta tio n  
in  th e  an nea led  specim en. I t  m igh t th e r fo re  be re a so n a b le  to  assum e th a t  
th e  d is lo c a tio n s  p red o m in an tly  o f  th e  same B urgers v e c to r  a/2 [O il] a re  
p ro d u ced  in  th e  re g io n  1/2 o f th e  in d e n ta tio n  made in  th e  fa tig u e d  
specim en. This cou ld  r e s u l t  in  re a c t io n  given in  e q u a tio n  7.1 {producing  
th e  d is lo c a tio n s  w ith  B urgers  v e c to r , ±a/2 [IlO]} and  hence cou ld  g ive 
th e  su rfa ce  s lip  and  c ro s s - s l ip  on th e  con jugate  and  th e  p rim ary  s lip  
p lan es . In  th e  reg io n s  o f th e  in d e n ta tio n  w here th e  p rim ary  B urgers 
v e c to r  a/2 [ lo i ]  i s  p red o m in an t in  th e  an n ea led  specim ens th e  
d is lo c a tio n s  p ro d u ced  in  th e  sam e re g io n s  of th e  in d e n ta tio n  made a f te r  
fa tig u e , cou ld  a n n ih ila te  w ith  t h e i r  o p p o s ite s  p re -e x is t in g  in  th e  form  
o f th e  d ip o la r  c o n fig u ra tio n  le av in g  th e  edge com ponent o f  th e  same sign  
in  s u rp lu s . This cou ld  be th e  cau se  of s h e a r  tr a c k s  and seco n a ry  
w a ll- lik e  g roups o f d is lo c a tio n s  evo lved  in  th e  la d d e r  s t ru c tu re  
o b se rv ed  in  th e  TEM m icro g rap h s from  th e  fa tig u e d  and  in d en ted  specim ens 
o f o r ie n ta tio n  U (fig s  7.9 and  7.10)
I t  i s  to  be n o ted  th a t  th e  c ro s s - s l ip  m entioned above is  f a c i l i ta te d  
b ecau se  [IlO] is  common to  b o th  th e  p rim ary  (111) an d  th e  co n ju g ate
(III) s lip  p lan es  and  [101] is  common to  th e  c r i t ic a l  (111) p lan e  and 
th e  con ju g ate  (III) p lan es . The p re sen c e  of th e  c lu s te r s  o f d is lo c a tio n s  
o f th e  s h a tte re d  loop  p a tc h e s , d is lo c a tio n  d e b ris  in  th e  ch an n e ls , 
fo rm atio n  o f cu rv ed  and  b ra n c h ed  w alls and  loop  p a tch es  (seen
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p a r t ic u la r ly  in  fig . 7.12), t h e i r  in te r lin k in g  n e tw o rk , th e i r  ro u g h  |
a lignm ent to  th e  e lo n g a ted  lo o p  p a tch e s  o r to  + <100> and  th e  size o f 
w all sp ac ings, ^ l.Ofim, a l l  in d ic a te  th a t  th e  d is lo c a tio n  s t ru c tu re s  
evo lved  show th a t  th e s e  e f fe c ts  a re  re la te d  to  th e  in d e n ta tio n  induced  
defo rm atio n  in  them . In  th e s e  fin d in g s  th e  w a ll- lik e  d is lo c a tio n  
s t ru c tu re s  (o r p a r ts  o f  them ) a p p e a r  to  be form ed in  th o s e  reg io n s  of 
in d e n ta tio n s  w here s u r fa c e  s l ip  t ra c e s  a re  s ig n if ic a n tly  in te n se .
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CHAPTER 8.
SUMMARY OF THE RESULTS AND CONCLUSIONS.
8:1. INTRODUCTION.
R esu lts  o b ta in e d  on th e  p la s t ic  defo rm ation  a ro u n d  in d e n ta tio n s , du ring  
fa tig u e  cycling  and  th e  e f fe c t  o f fa tig u e  b eh av io u r o f  in d e n ta tio n s  as 
w ell a s  th e  e f fe c t  o f in d e n ta tio n s  on fa tig u e d  specim ens have been 
re p o r te d  in  th e  p re v io u s  C h ap te rs . In th is  C h ap te r th e  r e s u l t s  o b ta in ed  
from  su rfa c e  and  TEM o b se rv a tio n s  a re  sum m arised and  some concluding  
rem ark s p re se n te d . F in a lly  some su g g es tio n s  fo r  f u tu r e  w ork  a re  given.
8:2. THE RESULTS OBTAINED ON THE ‘INDENTED ONLY' SPECIMENS.
The s tu d y  o f th e  s u rfa c e  to p o g rap h y  of th e  in d e n ta tio n s  h as  rev ea led  
th a t  fo r  a pyram id  in d e n to r  th e  sh ape  o f th e  in d e n ta tio n  in  w ell 
an n ea led  specim ens resem b les  a p in -cu sh io n  w ith  th e  s id es  of th e  
in d e n ta tio n  draw n in w ard s . In  u n an n ea led  o r fa tig u e d  specim ens th e  shape  
o f th e  in d e n ta tio n  is  som ew hat d is to r te d  and hence d if f e r e n t  from th a t  
ty p ic a l o f an n ea led  specim ens.
The s l ip  tra c e  d is t r ib u t io n  a ro u n d  an in d e n ta tio n  d ep en d s m ostly  on th e  
su rfa c e  o r ie n ta tio n  o f th e  specim en and can be c o n sid e red  in  term s o f an 
a p p ro p r ia te  Thom pson te tra h e d ro n . The Dyer model (1965) can be, a t  le a s t  
q u a lita tiv e ly , ex ten d ed  to  an a ly se  su rfa c e  s lip  tra c e  c o n fig u ra tio n  and 
h i l l  fo rm atio n  a ro u n d  th e  c o n ta c t a re a  of th e  in d e n ta tio n . T his model 
p ro v id es  a  s a t i s f a c to ry  ex p lan a tio n , p ro v id ed  th e  in te ra c t io n s  o f 
d is lo c a tio n s  g lid in g  u n d e r  th e  s tre s s e s  o f in d e n ta tio n  d u rin g  load ing  
a re  ta k e n  in to  acco u n t. T his m odel h as th e re fo re  been  ex ten d ed  from b a ll 
to  pyram id in d e n ta tio n s  and  th is  h a s  been  found  h e lp fu l in  p red ic tin g  
s lip  along th e  h ig h ly  s t r e s s e d  s lip  d ire c tio n s  and  s lip  system s. 
In te ra c tio n s  o f d is lo c a tio n s  p ro p o sed  by H irth  (1962) h av e  been  found
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h e lp fu l, when in te rp re t in g  th e  r e s u l ts  o b ta in ed  from  su rfa c e  as w ell as 
from  TEM o b se rv a tio n s . The in te ra c t io n s  o f th e  d is lo c a tio n s  have  been 
s im p lified  by th e  assu m p tio n  (w ith o u t a ju s t if ic a t io n )  o f a  screw  
dom inated  d is lo c a tio n  s t r u c tu r e  so th a t  c ro s s -s l ip  is  p o ssib le .
In th e  TEM o b se rv a tio n s  d if f e r e n t  reg io n s  a ro u n d  th e  in d e n ta tio n s  have  
been  found  to  d isp la y  d if f e r e n t  ty p es  o f th e  d is lo c a tio n  m ic ro s tru c tu re . 
The reg io n s  o f th e  in d e n ta tio n s  hav ing  su rfa c e  s lip  invo lv ing  two 
d if f e r e n t  s lip  sy stem s a p p e a r  to  co n ta in  a dense  w all ty p e  d is lo c a tio n  
s t ru c tu re  s e p a ra te d  by ch an n e ls  hav ing  v e ry  sm all d is lo c a tio n  d en sity . 
The d is lo c a tio n  m ic ro s tru c tu re s  c lose  to  th e  edges o f th e  in d e n ta tio n  
[c o n ta c t a re a  in  th e  ran g e  o f ss 0.5-0.6d, (w here 'd ' is  th e  av erag e  
d iag o n al le n g th  o f th e  in d e n ta tio n )  and, an app rox im ate  d ep th  o f 10-15^m 
from  th e  in d e n te d  s id e  o f th e  specim en], ap p ea r to  co n ta in  ty p ic a l 
g ro u p s  o f d is lo c a tio n s , com posed p redom inan tly  o f long screw  ty p e  
d is lo c a tio n s . The a c tiv e  B urgers  v e c to rs  of th e  d is lo c a tio n s  in  th e se  
g ro u p s  w ere g e n e ra lly  fo u n d  to  be d if fe re n t fo r  d if f e r e n t  g roups o f th e  
d is lo c a tio n s . The re g io n s  o f th e  in d e n ta tio n s  w ith  le s s  d is t in c t  and 
u n pronounced  su rfa c e  s l ip  have  been found  to  a sso c ia te d  w ith  a h ig h ly  
ta n g le d , o r a  c e ll ty p e , n e tw o rk  o f d is lo c a tio n s . In  reg io n s  2 and  3 o f 
th e  in d e n ta tio n  in  TEM specim ens of o r ie n ta tio n  U, w here th e  p ro d u c t 
d is lo c a tio n s  have  B u rgers  v e c to rs  ±a/2 [110] and ±a/2 [110], a few dense 
w alls  o f d is lo c a tio n s  p a ra l le l  to  <100> ty p e  d is lo c a tio n s  have a lso  been  
ob serv ed . These w a lls  a p p e a r  to  be th e  r e s u l t  o f su p e rp o s itio n  o f th e  
tw o m u tu a lly  p e rp e n d ic u la r  and alm ost equally  s tre s s e d  s lip  v e c to rs  in  
th o se  reg ions.
8:3. THE RESULTS OBTAINED ON THE 'FATIGUED ONLY' SPECIMENS.
The p o ly c ry s ta llin e  and  s in g le  c ry s ta l  specim ens h av e  been  fa tig u e d  in
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re v e rs e  bending . I t  h a s  been  found  th a t  due to  th e  low t a t a l  s t r a in  
am p litu d es  u sed  in  th e  p re s e n t w ork (m ostly in  th e  ran g e  betw een  2 to  
9x10 and  a  la rg e  g ra in  size  o f th e  poly  c ry s ta ll in e  specim ens, fa tig u e  
b e h a v io u r  can  be d e sc rib e d  s a t is fa c to r i ly  in  te rm s o f th e  th re e  regim es 
o f th e  css  cu rv e  fo r  th e  m o n o cry s ta llin e  copper. I t  h a s  been observ ed  
th a t  d u rin g  th e  in i t i a l  s tag e  o f fa tig u e  h ard en in g  a  num ber o f fin e  s lip  
lin e s  ap p ea red  on th e  su rfa c e s  o f specim ens. With co n tin u ed  fa tig u e  
cycling  a t  a  c o n s ta n t s t r a in  am p litude  (w ith w heel W3 o r  h ig h er), some 
o f th e s e  s l ip  lin e s  developed  in to  co arse  s lip  s te p s  and  a f te r  a b o u t 10^ 
cycles , p e r s i s te n t  s l ip  b ands (PSBs) w ere form ed. The num ber and  e x te n t 
o f th e  PSBs in c re a se d  w ith  th e  in c re a se  in  th e  c o n s ta n t to ta l  s t r a in  
am p litu d e , e^. In  some cases  th e  secondary  PSBs h av e  been  seen  a longw ith  
th e  p rim arie s . When th e  PSBs w ere form ed on two o r  m ore s lip  system s, i t  
was fo u n d  th a t  th e y  occup ied  th e  chequered  reg io n s  o f th e  su rfa c e  o f th e  
specim ens so  th a t  g e n e ra lly  th e y  d id  n o t c ro ss  each  o th e r. In  a  few 
ca se s  w here PSBs seem ed to  c ro ss  each  o th e r  when o b serv ed  a t  low 
m ag n ifica tio n , ap p ea re d  to  be lin k ed  sm oothly  th ro u g h  th e  fo rm ation  o f 
nodes w ith  one a n o th e r  when o b serv ed  a t  h ig h e r m agn ifica tion , u s in g  SEM. 
In th e  case  o f p o ly c ry s ta llin e  specim ens i t  h a s  been  o b serv ed  th a t  PSBs 
do n o t c ro ss  g ra in  b o u n d a rie s  and form  m ore re a d ily  n e a r  tw in  
b o u n d a rie s . Som etim es i t  was a lso  ob serv ed  th a t  PSBs o rig in a te d  
p re fe re n t ia l ly  n e a r  th e  g ra in  b o u n d aries . (This e f fe c t  is  a t t r ib u te d  
m ost p ro b ab ly , to  th e  c o n s tra in ts  and th e  g eom etrica l s t r e s s  ra is in g  
e f fe c ts  o f th e  g ra in  b o u n d arie s) . When th e  fa tig u e d  specim ens w ere 
l ig h tly  e le c tro p o lish e d  and f u r th e r  fa tig u ed , i t  w as o b serv ed  th a t  th e  
f r e s h  PSBs ap p ea red  a t  th e  edges of old  PSBs i.e ., th o se  e x is tin g  p r io r  
to  th e  e le c tro p o lish in g . In one case  a som ew hat d if f e re n t  s i tu a tio n  was 
o b serv ed . A s in g le  c ry s ta l  fa tig u e d  to  a h ig h  to ta l  cum ulative  s t r a in
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am p litu d e  s  424 (w hich is  e s tim a te d  to  be ap p ro x im ate ly  e q u iv a len t to  
th e  re so lv e d  p la s t ic  s t r a in  am p litu d e  = 50, Schim id fa c to r  0.48), was 
l ig h tly  e le c tro p o lish e d  and th e n  f u r th e r  fa tig u e d  w ith  low er to ta l  
c o n s ta n t s t r a in  am p litudes up to  a  to ta l  cum ula tive  s t r a in  am plitude  s 
616 (w hich is  n e a rly  e q u iv a le n t to  a re so lv ed  p la s t ic  s t r a in  am plitude  = 
70). I t  w as observ ed  th a t  f r e s h  PSBs em erged a t  th e  edges o f th e  o ld  
o nes le av in g  th e  in te r io r  s e c tio n s  a p p a re n tly  a lm ost b u t n o t com pletely  
in a c tiv e .
I t  w as a lso  n o ted  th a t  th e  su rfa c e  to p o g rap h y  o f PSBs is  b e t te r  rev ea led  
in  th e  SEM m icrographs. The ro u g h n e ss  p ro f ile  o f th e  PSBs v a rie d  in  
ap p ea ran ce  from  specim en to  specim en and ap p ea red  presum ably , to  be 
r e la te d  to  th e  d if fe re n t  ty p es  o f th e  in te rn a l d is lo c a tio n  s t ru c tu re s  
(lad d e r, c e ll o r  m ixed c e ll-w a ll e tc .). However i t  was d if f ic u l t  to  
e s ta b lis h  th is  assum tion  m erely from  su rfa ce  o b se rv a tio n s . The g en era l 
n o tc h -p e a k  ty p e  to p o g rap h y  o f PSBs w hich in c lu d es  a  r ib b o n -lik e  and a 
s a w -to o th  ap p earan ce  h as  f r e q u e n tly  been observ ed . In th e  fa tig u e d  
specim ens o f p o ly c ry s ta llin e  th in  fo ils  d is lo c a tio n  s tru c tu re s  o f
d if f e r e n t  ty p e s  h ave  been fo u n d  w hich inc lu d e  th e  la d d e r  s tru c tu re , th e  
la b y r in th  w all s t ru c tu re  and th e  c e ll s tru c tu re . The w alls of th e
la d d e rs  fo u n d  in  th e se  specim ens how ever w ere n o t re g u la r  and
w e ll-d e fin e d  and in s te a d  ap p ea red  to  in vo lve  more th a n  one s lip  system . 
In  s in g le  c ry s ta l  th in  fo il  f a t ig u e d  specim ens o f o r ie n ta tio n  U, fo r  
w hich  PSBs on two s lip  system s w ere observed , g en era lly  th e  th re e  
B urgers  v e c to rs , ±a/2 [Î01], ±a/2 [101] and ±a/2 [011] were found  in  
a lm ost eq u a l num bers. These v e c to rs  w ere how ever found  to  be acive, 
a lm o st in  p a irs , in  th e  ch eq u e red  reg io n s  o f th e  specim ens. The
d is lo c a tio n  s t ru c tu re s  found  in  th e se  specim ens v a rie d  from lo o se ly  
téingled c lu s te r s  and dense  w a ll- lik e  loop p a tch e s , w hen fa tig u ed  a t  a
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low to ta l  s t r a in  am plitude  fo r  a  low num ber o f cycles  (10 to  100), to  
th e  la d d e r , ce ll an d /o r a  m ixed ce ll-w a ll type  d is lo c a tio n  s t ru c tu re s  
w hen fa tig u e d  a t  h ig h e r  to ta l  s t r a in  am plitudes and fo r  h ig h e r  num ber of 
cycles (& 10^ in  th e  p re s e n t w ork). The dense w a ll- lik e  g ro u p s o f 
d is lo c a tio n s  seen  a t  th e  in i t ia l  s tag e  (a f te r  a few  cycles) o f fa tig u e  
cycling  a p p ea r to  be a sso c ia te d  w ith  th e  s lip  system s found  a c tiv e  in  
i t s  l a t e r  s tag e .
8:4. THE RESULTS FROM THE 'INDENTED AND FATIGUED' SPECIMENS.
From th e  su rfa c e  s tu d ie s  o f th e  in d en ted  and fa tig u e d  specim ens, i t  was 
o b serv ed  th a t  PSBs in i t ia te d  m ore re a d ily  n e a r  in d e n ta tio n s  an d /o r 
su rfa c e  p i ts  re g a rd le s s  o f th e  o r ie n ta tio n s  of th e  specim ens. In  m ost 
cases  PSBs in i t ia te d  m ostly  from  reg io n s  w here su rfa c e  s lip  due to  
in d e n ta tio n  was d is t in c t  and in  abundance  and w here su rfa c e  s lip  tra c e s  
o f th e  tw o s lip  system s (w ith  one s lip  system  predom inan t) w ere seen  
in te rs p e rse d . The su rfa c e  to p o g rap h y  of th e  PSBs seen  n e a r  th e  
in d e n ta tio n s  ap p ea red  fragm en ted  and resem bled g en e ra lly  w ith  a 
s a w -to o th  sh aped  su rfa c e  to p o g rap h y . In some cases how ever (p a r tic u la r ly  
in  specim en Cl) a  f a ir ly  re g u la r  and  rib b o n -lik e  su rfa c e  to p o g rap h y  h as  
a lso  been  observ ed . In  m ost o f  th e  s ing le  c ry s ta ls  u sed , th e  p rim ary  
PSBs have u su a lly  been  o b serv ed  n e a r  th e  in d e n ta tio n s . S h o rt (secondary) 
PSBs how ever have  been  o b se rv ed  a long  w ith  th e  main s e t  o f th e  p rim ary  
PSBs in  th in  fo il  specim ens o f U and  E o rie n ta tio n s . The TEM s tu d y  o f 
th e  in d e n te d  and  fa tig u e d  specim ens o f o r ie n ta tio n s  th e se  o r ie n ta tio n s  
show s a v a r ia tio n  in  th e  d is lo c a tio n  m ic ro s tru c tu re s  w hich w ere evo lved  
in  th e  d if fe re n t  reg io n s  o f th e  in d e n ta tio n  d u ring  fa tig u e  cycling. In 
th e  re g io n s  w here th e  PSBs a p p ea re d  predom inan tly  on th e  p rim ary  s lip  
p lan e , a t  th e  su rfa c e  o f th e  specim ens, th e  B urgers v e c to rs  found  a c tiv e
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w ere m ostly , ±a/2 [ÎOÎ] belong ing  to  th e  p rim ary  (111) and  ±a/2 [101] o r 
±a/2 [011] to  th e  seco n d ary  (111) o r ( I I I )  s lip  p lane . Some w alls ly ing 
ro u g h ly  p e rp e n d ic u la r  to  <100> w ere a lso  ob serv ed  in  th e  same reg io n s  of 
th e  in d e n ta tio n  w here th e  tw o m u tua lly  p e rp e n d ic u la r  B urgers v e c to rs  
fo u n d  fre q u e n tly  w ere, ±a/2 [loi] and ±a/2 [101], w hich a re  supposed  to  
be a c tiv e  fo r  develop ing  th e se  w alls.
8:5. THE RESULTS FROM THE 'FATIGUED AND INDENTED' SPECIMENS. 
The e ffe c t of in d e n ta tio n  on th e  fa tig u e d  specim ens h a s  been d esc rib ed  
in  d e ta i l  in  C h ap te r  7. The s tu d y  o f th e  su rfa c e  to p o g rap h y  o f th e  
in d e n ta tio n s  made in  th e  fa tig u e d  specim ens h a s  re v e a le d  a  s ig n if ic a n t 
e f fe c t  o f fa tig u e  on th e  sh ap es  and sizes o f th e  in d e n ta tio n s  when 
com pared w ith  th o se  in  an n ea led  specim ens. The av erag e  size of th e  
in d e n ta tio n , e s tim a ted  by i t s  average  d iagonal len g th , is  a lso  reduced  
in  th e  fa tig u e d  specim ens when com pared w ith  th a t  o f th e  in d e n ta tio n s  in  
th e  annea led  specim ens. The su rfa c e  s lip  o b se rv ed  a round  th e  
in d e n ta tio n s  in  th e  fa tig u e d  specim ens g en era lly  a p p ea rs  co n sid erab ly  
enhanced  to  g ive in te n se  s lip  tra c e s  in  c e r ta in  p re fe re n tia l  d ire c tio n s  
r e la t iv e  to  th e  in d e n ta tio n s , in  c o n tra s t  to  th e  s lip  tra c e  
c o n fig u ra tio n  a ro u n d  th e  in d e n ta tio n s  in  th e  an n ea led  specim ens. The 
s lip  tra c e s  a ro u n d  in d e n ta tio n s  in  th e  fa tig u e d  specim ens, th ough  
enhanced  and w ell p ronounced  in  some reg io n s  a re  red u ced  in  e x te n t even 
in  re g io n s  w here th e  s lip  tra c e s  a round  th e  in d e n ta tio n s  in  th e  annealed  
specim ens w ere fo u n d  in  abundance  and w ell ex ten d ed . The in d e n ta tio n s  
made on o r c lo se  to  PSBs g en era lly  re s u lte d  in  th e  fo rm ation  o f a  few 
b u t enhanced (in ten se ) and w ell o rg an ised  fam ilies  o f s lip  tra c e s , 
lo c a te d  in  some (p re fe re n tia l)  reg io n s  o f th e  in d e n ta tio n s . One o f th e se  
fam ilie s  was o fte n  th a t  w hich was p a ra lle l  to  th e  tr a c e s  o f th e  prim ary
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s l ip  p lan e  in  fa tig u e  (p a ra lle l to  th e  p rim ary  PSBs). The o th e r  fam ily  
o f s l ip  tra c e s  w hich was g e n e ra lly  w ell developed and resem bled  co arse  
s l ip  bands in  c o n tra s t  to  th e  fo rm er, ap p eared  to  o r ig in a te  from  n e a r  
re g io n s  o f th e  PSBs and sp re ad in g  ac ro ss  them.
I t  h a s  a lso  been n o ted  th a t  a f te r  e lec tro p o lish in g  th e  fa tig u e d  and 
in d e n te d  specim ens, fo llow ed by th e i r  su b seq u en t fa tig u e , PSBs em erged 
a lm ost from  th e i r  o rig in a l p la ce s  show ing th e  a n iso tro p ic  e ffe c t of 
de fo rm atio n  in tro d u ce d  by th e  in d e n ta tio n s  even  in  th e  p rev io u s ly  
fa tig u e d  specim ens.
8:6. COMPARISON OF THE RESULTS AND CONCLUSIONS.
The re s u l ts  o b ta in ed  from  th e  s tu d y  of su rfa ce  s lip  tra c e s  and th e  
in te rn a l  d is lo c a tio n  m ic ro s tru c tu re s  seen  a ro u n d  th e  in d e n ta tio n s  
c le a r ly  su g g es t th a t  p la s t ic  d e fo rm atio n  a ro u n d  in d e n ta tio n s  p lay s  an 
im p o rtan t ro le  in  th e  fo rm atio n  o f p e rs is te n t  s lip  bands du rin g  fa tig u e . 
I t  h a s  been shown th a t  PSBs a p p ea r to  form  more re a d ily  in  reg io n s  o f 
th e  in d e n ta tio n s  w here th e  s l ip  lin e s  of th e  p rim ary  s lip  p lan e  fo r  
fa tig u e  (111) w ere found  e i th e r  in te rs p e rs e d  w ith  o r changed from  th o se  
o f th e  p rim ary  to  a non p rim ary  s lip  p lane. I t  sounds rea so n ab le  to  say  
th a t  PSBs form  re a d ily  in  reg io n s  w here th e  p rim ary  d is lo c a tio n s  
p ro d u ced  by fa tig u e  can in te r a c t  w ith  d is lo c a tio n s  m oving on a n o th e r  
s l ip  p lan e  b u t w ith  th e  same B urgers v e c to rs . T his is  to  say  th a t  PSB 
n u c léa tio n  is  p ro b ab ly  a id ed  th ro u g h  th e  fo rm ation  o f b a r r ie r s  to  th e  
p assag e  o f d is lo c a tio n s  on th e  p rim ary  s lip  p lane. T his m ight have  
re s u lte d  in  a  lo ca l in c re a se  in  th e  d is lo c a tio n  d e n s ity  on th e  p rim ary  
s lip  p lan e  in  th e  v ic in ity  o f su ch  b a r r ie r s  which su b se q u e n tly  enhances 
PSB n u c léa tio n . A ccordingly  i t  m ight be p o ssib le  th a t  th e  PSBs form  
re a d ily  n e a r  in d e n ta tio n s  w here  d is lo c a tio n s  a c tiv a te d  by in d e n ta tio n
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cou ld  re a c t  to  red u ce  energy  by form ing L o m er-C o ttre ll locks. In te rm s 
o f th e  Thom pson g lid e  te tra h e d ro n , i t  a p p ea rs  m ore lik e ly  th a t  th e  
p rim ary  PSBs w ere o b serv ed  in  reg io n s  w here e i th e r  tw o s lip  system s 
sh a r in g  th e  p rim ary  s lip  p lan e  w ere o p e ra tiv e  o r w here  th e  p rim ary  s lip  
system  sh a re d  a s lip  d ire c tio n  w ith  an  ac tiv e  seco n d ary  s lip  system . In 
th e  fo rm er case , th e  o p e ra tiv e  s lip  system s cou ld  be  tw o o f th e  th re e  
p rim ary  s lip  system s: BII, BIV and BV i.e ., (111)[0Ï1], (111)[Ï01] and 
(111)[1Ï0] re sp e c tiv e ly . Two o u t o f th e  th re e  B urgers  v e c to rs  cou ld  
re a c t  to  g ive  a p e r fe c t  d is lo c a tio n  on th e  same s lip  p lan e  th ro u g h  th e  
re a c tio n  o f th e  type ,
a/2 [oil] + a/2 [110] = a/2 [Ï01]   8.1.
For exam ple, in  th is  case , th e  B urgers v e c to rs , ±a/2 [Ï01] of th e  
p rim ary  s lip  p lan e  (111) m ight sh a re  w ith  th e  B urgers  v e c to r  ±a/2 [Ï10] 
ly in g  on th e  co n ju g a te  s lip  p lan e  (III). The p rim ary  d is lo c a tio n s  a re  
th u s  o b s tru c te d  by a n o th e r  s lip  v e c to r  e i th e r  ly ing  in  th e  same p lan e  
(111) o r  sh a re d  by a seco n d ary  p lan e  e.g. (Ill) to  form  L o m er-C o ttre ll 
lo ck s  th ro u g h  a re a c tio n  o f th e  ty p e  in  w hich p e r fe c t  d is lo c a tio n s  a/2 
[o il]  and  a/2 [IÔ1] m ight d is so c ia te  in to  p a r t ia ls :  
a/2 [o il]  = a/6 [ l l2 ]  + a/6 [l21] and
a/2 [lO l] = a/6 [2 l l ]  + a/6 [ l l2 ]    8.2.
Then one p a r t ia l  o f each  d is lo c a tio n  com bines to  g ive  ;
a/6 [I21] + a/6 [2ll] = a/6 [llo] -----------------------------------------  -  8.3.
T his re a c tio n  p ro d u ces  a s ta i r - r o d  d is lo c a tio n  a/6 [llo] w hich is  
p a ra l le l  to  th e  in te rs e c tio n  o f th e  two s lip  p la n es  and  is  s e s s ile  and 
an o b s ta c le  to  s lip  on th e se  p lan es . This s i tu a t io n  seem s to  be re la te d  
to  th e  o b serv ed  PSB fo rm atio n  n e a r  th e  in d e n ta tio n s . In th e  TEM 
o b se rv a tio n s  o f th e  in d e n te d  specim ens of o r ie n ta t io n  U, i t  h as  been  
fo u n d  th a t  th e  B urgers v e c to rs  o f th e  d is lo c a tio n s  found  fre q u e n tly  in
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re g io n s  3, 4 and 5 o f th e  in d e n ta tio n  w ere g en era lly : ±a/2 [Ï10], ±a/2 
[O il] and ±a/2 [110]. In th e  in d e n te d  and fa tig u e d  specim ens th e  B urgers  
v e c to rs  of d is lo c a tio n s  in  th e se  reg io n s  found  fre q u e n tly  w ere: ±a/2 
[101], ±a/2 [101] o r ±a/2 [O il]. I t  is  a p p a re n t th a t  w hile  changing from  
th e  case  o f in d e n ta tio n  to  t h a t  o f th e  'in d e n ta tio n  fo llow ed  by 
fa t ig u e ',  th e  d is lo c a tio n s  w ith  B urgers  v e c to r  ±a/2 [Ï10] have  in  many 
c ases , been changed to  d is lo c a tio n s  w ith  B urgers v e c to r  ±a/2 [101] and  
d is lo c a tio n s  w ith  B urgers v e c to rs , ±a/2 [110] to  d is lo c a tio n s  w ith
B urgers  v ec to r, ±a/2 [101] o r  a/2 [O il]. This m ight be p o ssib le  th ro u g h  
th e  re a c tio n s  o f th e  ty p e  g iven  in  eq u a tio n  8.1. The s u rp lu s  
d is lo c a tio n s  n o t undergo ing  su ch  re a c tio n s  can form  b a r r ie r s  to  th e  
g lid in g  d is lo c a tio n s  in  th e  form  o f s e s s i le  d is lo c a tio n s  o f th e  ty p e  
d e fin ed  by eq u a tio n  8.3 o r w eak b a r r ie r s  o f th e  type 3 in  th e  
d e s s if ic a tio n  of H irth . Such b a r r ie r s  m ight h e lp  n u c lea te  in i t ia t in g  
s i te s  fo r  PSBs. In th e  TEM s tu d y  o f th e  in d en ted  and fa tig u e d  specim ens, 
i t  h a s  been found  th a t  la d d e r  s t ru c tu re s  a sso c ia te d  w ith  PSBs on more 
th a n  one s lip  system  g e n e ra lly  ap p ea r w ell de fin ed  and  e x is t  
p re fe re n tia lly  in  s e p a ra te  (chequered) reg io n s . The d is lo c a tio n  
s t ru c tu re s  found  in  th e  d if f e r e n t  reg io n s  o f th e  in d e n ta tio n  show  an 
enhanced  d en sity  o f d is lo c a tio n s  com pared w ith  t h a t  o f th e  fa tig u e d  
specim ens.
The in d e n ta tio n  o f th e  fa tig u e d  specim ens ap p ea rs  to  have  th e  e f fe c t  o f 
re g e n e ra tin g  an d /o r re a rra n g in g  th e  d is lo c a tio n s  o f th e  fa tig u e d  
s t ru c tu re  which seem to  be m ore o r  le ss  a rra n g ed  in  th e  d ip o la r  
c o n fig u ra tio n s  norm al to  th e  a c tiv e  B urgers v e c to rs . I t  seems lik e ly  
t h a t  th e  edge d is lo c a tio n s  of th e  d ip o la r  a rran g em en ts  bow ou t u n d e r th e  
ap p lied  s tre s s e s  o f th e  in d e n ta tio n  to  form  d is lo c a tio n  so rc es  o f 
F rank -R ead  type. The screw  dom inated  d is lo c a tio n  loops th u s  g e n e ra te d
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can c ro s s -s l ip  to  g ive s lip  t r a c e s  on a s lip  p lan e  sh a re d  by th e  s lip  
v e c to rs  o f th e se  d is lo c a tio n s .
8:7. SUGGESTIONS FOR FUTURE WORK
In th e  p re s e n t w ork, an a tte m p t h as  been made to  s tu d y  th e  p la s t ic  
de fo rm atio n  a ro u n d  in d e n ta tio n s  b u t su f f ic ie n t w ork cou ld  n o t be  done. 
The main d if f ic u l ty  was w ith  th e  o b e rv a tio n  o f su rfa c e  s lip . The 
N orm arski in te r fe re n c e  c o n tra s t  m ethod how ever co u ld  be used  to  re v e a l 
th e  s l ip  tra c e  co n fig u ra tio n  a ro u n d  in d e n ta tio n s  m ore e ffe c tiv e ly . With 
an im provem ent o f th e  o b se rv a tio n a l te ch n iq u es , th e  p re s e n t w ork cou ld  
be ex ten d ed  to  o b ta in  more d e ta i le d  in fo rm ation .
The D yer m odel h a s  h e re  been  ex ten d ed  from b a ll  to  pyram id in d e n ta tio n s  
on ly  q u a li ta t iv e ly . This model cou ld  be ex tended  to  th e  In d e n ta t io n s  o f 
o th e r  sh ap es  and  specim ens o f d if f e re n t  o r ie n ta tio n s  and m a te ria ls . A 
m athem atica l in te rp re ta t io n  o f th is  model cou ld  a lso  be u se fu l. Hence 
th e re  rem ains a  need  to  d e riv e  an a p p ro p ria te  e x p re ss io n  fo r  th e  s t r e s s  
d is t r ib u t io n  a ro u n d  th e  in d e n ta tio n s  using  an a p p ro p r ia te  model.
The fa tig u e  cycling  b e h av io u r o f th e  in d en ted  specim ens h av e  been  
s tu d ie d  using  th e  re v e rse  bend ing  fa tig u e  te s t in g  tech n iq u e . T his w ork 
cou ld  be re p e a te d  using  a p u s h -p u ll  fa tig u e  cycling  tech n iq u e .
The e f fe c t  o f su rfa c e  damage on fa tig u e  cycling h a s  been  s tu d ie d  on 
co p p er s in g le  c ry s ta ls  in  th e  p re s e n t w ork and on alum inium  s in g le  and 
p o ly c ry s ta ls  by H arris  (1988). A lthough th e  same fa tig u e  te s t in g  
te ch n iq u es  h av e  been  u sed  in  th is  ty p e  of w ork, specim ens o f d if f e r e n t  
o r ie n ta tio n s  h av e  been  u sed  u n d e r  d if fe re n t fa tig u e  cycling  co n d itio n s . 
This made th e  com parison o f th e  r e s u l ts  d if f ic u lt .  T here  seem s th e re fo re  
to  b e  a  need  to  ex ten d  th is  w ork  to  th e se  (and o th e r)  m eta ls  u s in g  th e  
same o r s im ila r  exp erim en ta l co n d itio n s  so th a t  r e s u l ts  cou ld  th e n  be
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e a s ily  com pared.
The su rfa c e  topography  o f PSBs and  s lip  s te p  sp ac in g  ap p ea rs  to  be 
r e la te d  to  th e  in te rn a l  d is lo c a tio n  m ic ro s tru c tu re s  evo lved  in  th e  
specim ens d u rin g  th e  fa tig u e  cycling  p ro cess . T his a sp e c t could  f u r th e r  
be te s te d  u sing  b o th  su rfa c e  as  w ell as TEM o b se rv a tio n s .
The in v e s tig a tio n  of th e  e f fe c t  o f in d e n ta tio n s  in  fa tig u e d  specim ens 
hav e  shown th e  fo rm ation  o f c ra c k - l ik e  g rooves form ed along  PSBs. More 
w ork  is  needed to  exam ine th is  e f fe c t . Any f u r th e r  s tu d y  o f su ch  an 
e f fe c t  m ight p rov ide  some a d d it io n a l in fo rm atio n  ab o u t th e  in i t ia t io n  o f 
th e  m icrocracks.
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Wheel Maximum d e fle c tio n  T o ta l s t r a in  T en sile  p la s t ic
No. p e r h a lf  cycle o f am p litu d e  p e r s t r a in  am p litude
th e  narrow  end q u a r te r  cycle p e r  q u a r te r  cycle
(^m in  mm) (e^) (
W1 0.125 1.98 X 10"^----------- ---------------------
W2 0.231 3.66 x lO"^----------- ---------------
W3 0.375 5.97 x lO"^ 1.92 x lO”^
W4 0.470 7.48 x lO"^ 3.43 x 10~^
W5 0.610 1.12 X 10"^ 5.66 x lO"'^
Table. 3.1(a). D etails  o f th e  s t r a in  am plitudes o b ta in e d  w ith  th e  
d if f e r e n t  w heels (th ro u g h  e q a tio n s  3.1 and 3.2) on th e  m achine shown 
in  f ig  3.1.
Slip  p lan es  S lip  d ire c tio n s  Slip system s
P rim ary  B (111) I [Oil] BII ( l l l ) [O l l ]  BIV (111)[Ï01]
C ritic a l  A (111) II [Oil] BIV ( l l l ) [ l0 1 ]  A ll (Ï11)[0Ï1]
C onjugat C (III) III [101] AIII ( I l l ) [ lO l]  AV ( I l l ) [ l l 0 ]
C ro ss- IV [lO l] Cl (IIl)[011] c m  (IIl)[101]
s lip  D ( i l l )  V [ n o ]  CV ( I l l ) [ l l 0 ]  DI ( l l l ) [0 1 1 ]
VI [110] DIV ( ll l) [ l0 1 ]  DVI (lll)[1 1 0 ]
Table 3.1(b) N otations o f th e  s l ip  p lan es , th e  s lip  d ire c tio n s  and 
th e  s l ip  syatem s used  in  th e  te x t .
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C ry s ta l S u rface  C en tra l T hree h ig h ly  s tre s s e d  The co rresp o n d in g
No. o r ie n ta — te n s i le  (Most a c tiv e ) s lip  Schmid fa c to rs
tio n  o f s t r e s s  system s in  d ecreasin g
th e  ax is  o rd e r
c ry s ta l
(hkl) (t^) 1 2 3 1 2  3
C l (351) [Ï27] BIV AIII Cl 0.48 0.45 0.41
C2 (231) [223] BIV Cl BV/CV 0.36 0.36 0.29
C3/U (142) [Î24] BIV AIII Cl 0.49 0.40 0.35
C4 (921) [Î25] BIV AIII Cl 0.49 0.44 0.38
C5 (Ï21) [Ï35] BIV AIII BV 0.49 0.42 0.33
C7/E (542) [012] BIV/ AII/CI ---- 0.49 0.24 ------
BV DI
T able  3.2. O rie n ta tio n s  (app rox im ate  w ith in  5 o r  6 d eg rees) and th e  most 
a c tiv e  s lip  system s fo r  th e  s in g le  c ry s ta l  specim ens u sed  fo r  th e  
in d e n ta tio n s  and fa tig u e .
14?
C ry s ta l
No.
Specimen
o rie n ta tio n
(o rig inal)
A ngles (in deg rees) betw een  th e  su rfa ce  
n o rm als  and th e  <110> d ire c tio n s .
(hkl) Ï01 101 Oil Oil 110 110
Cl (351) 92 61 44 119 92 17
C2 (2Ï3) 79 19 68 41 55 79
C3/U (Î24) 40 62 22 72 118 81
C4 (219) 58 33 40 52 86 81
C7 (542) 42 108 102 51 96 162
T able 4.1. Angles be tw een  d if f e r e n t  <110> g lide  v e c to rs  and th e  
su rfa c e  norm als o f th e  specim ens u sed  fo r  in d e n ta tio n  and  a t  a  l a te r  
s tag e , fa tig u e  cycling.
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Spec- In d e n t-  A pproxi- D is tan ces D epths B urgers
imen a tio n  m ate o f a re a s o f a re a s v e c to rs
No. load  lo c a tio n s tu d ie d from  th e fo u n d
of th e from  th e in d en ted in  th e se
a re a s c e n tre s s id e  of re g io n s
s tu d ie d of in d e n ­ th e
ta t io n s specim en
(gm) (reg ions) ( d )  X (pm) (±a/2) X
(O rien ta tio n  U).
11 100 1, 8 0.5-0.8 10-15 [110], [101]
2. 3 0.5-0.7 [Ï10], [O il]
4, 5 0.4-0.8 [Ï10], [101]
12 100 1, 8 1.0 1.2 20-25 [1Ï0], [101]
2, 3 1.1-1.3 [Ï10], [110]
4, 5 1.3-1.7 [Î10], [O il], [101]
13 100 1, 8 0.6-1.2 25-30 [O il], [O il]
3 0.5-0.8 [O il], [ lo i]
4 0.6-1.0 [IlO ], [110]
14 100 7, 8 5.0-6.0 25-30 [IlO ], [101], [O il]
15 100 1, 2 4.0-5.0 30-35 [ o i l ] ,  [O il] ,  [110]
16 30 4 0.5-1.5 20-30 [lIO ], [O il], [O il]
5, 6 0.5-1.6 [110], [110]
17 30 5, 6 0.5-1.2 10-15 [IlO ], [101]
(O rien ta tio n  E).
18 30 1, 8 0.6-1.0 25-30 [O i l ] ,  [ o i l ] ,  [101]
2, 3 0.7-1.2 [O il]
4, 5 -d o - [101]
6, 7 -d o - [ l o i ] ,  [101] •
Table 4.2. D e ta ils  o f th e  TEM specim ens o f U and  E o r ie n ta tio n s  used  
fo r  in d e n ta tio n s . *d' is  th e  av erag e  d iag o n a l le n g th  of th e  
in d e n ta tio n .
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Specim en E stim ated  T o tal cu m u la tiv e  S u b seq u en t fa tig u e  a f te r
No. g ra in  size  s t r a in  a m p litu d e  e le c tro p o lish in g
(jim) (e^ ) Wheel Cycles (lO^)x
PI 50-300 62 W4 51
P2 60-350 15 W4 15
P3 100-800 45 W5 25
P4 50-600 18 W3 18
P5 30-450 33 W5 15
Table. 5.1. F a tig u e  cycling c o n d itio n s  u sed  fo r  p o ly c ry s ta llin e  
specim ens. Specim ens P1-P2 w ere o f com m ercial p u r i ty  copper w hile th e  
rem ain ing  w ere of p u re  copper.
C ry s ta l Number o f fa tig u e  cy cles  S u b seq u en t fa tig u e  a f te r
No. (10^) X , w ith  w heels: e lrc tro p o lish in g
W1 W2 W3 W4 w heels cycles x 10^
Cl 90 54 70 50 W4 80
02   1.8 25 9 W4 33
03   9 45 31 W5 15
04   9 55 45 -------  -----
05   33 34 19 W3 13
07 3   46 34 W4 19
Table 5.2. F a tig u e  cycling c o n d itio n s  u sed  fo r  s in g le  c ry s tls . S ingle 
c ry s ta l  o f o r ie n ta tio n  03 was grow n from  co p p er o f commercial p u r ity  
w h ile  th e  rem ain ing  w ere grow n from  p u re  copper.
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Specim en
No.
F a tig u e  cycling
S tra in  
am pli­
tu d e  
(10"3) X
Number
of
cycles
A verage
w all
sp ac in g
o f  la d d e rs /
c e lls
(pm)
B urgers v e c to rs  
found
(±a/2) X
(O rien ta tio n  U).
FI
F2
F3
F4
F5
1.4
1.4
1.4 
1.6
1.4 
by 1.9
(P o ly cry sta llin e ). 
Com m ercial- 
P u r ity  1.4
P ure  1.9
10 '
1 0 '
1 0 '
1 0 '
1.5 
1.3
1.5
5x10
10 fo llow ed  
3 1.0-1.3 
0.9 (cells)
10
1.5x10^
[Î01], [101], [110] 
[io i], [o il] , [101] 
[Ï01], [101], [110] 
[101], [o il] , [Ï10]
[101], [110], [oil]
1.46
1.5 (ladder)
0.6 [<100> w alls] 
0.5-0.7 (cells)
[101], [O il], [O il]
[Î01], [110], [101]
Table 5.3. D e ta ils  o f th e  fa tig u e d  th in  fo il  TEM specim ens 
o r ie n ta t io n  U and th o se  o f p o ly c ry s ta l lin e  copper.
o f
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S pec- In d e n t-  F a tig u e  C ycling R egions s tu d ie d  And
im en a tio n  
No. load
(gm)
------------------------- th e i r  app rox im ate
s t r a in  No. o f d e p th s  and e x te n ts
am p lit- cycles R egions D epths E x ten ts
ude
( 1 0 ' ^ )  X (pm) (d)x
B urgers 
v e c to rs  
found  
in  th o se  
reg io n s  
(±a/2 x)
(O rie n ta tio n  U)
IF l 100 1.4
IF2 100
IF3 100
IF4 100
IF5 100
0.8
1.4
1.6
1.6
(O rie n ta tio n  E)
IF6 30 1.4
10 '
5x10'
10
10
10
10
1, 8
6, 7 
1, 8
3, 6
4, 5 
6
7, 8 
1, 8 
5
7
4, 5
4
1
7, 8
10-15
15-20
25-30
10-15
1.5-2.0 [Oil] [lio]
0.5-1.5 [Oil] [101]
0.5-1.6 [101] [Oil]
1.2-2.0 [iol] [ i i o ]
1.0-1.5 [101] [Oil]
3.0-4.0 [oil] [110]
2.0-3.0 [iol] [Oil]
0.5-1.5 [iol] [101]
2.0-2.5 [iol] [oil]
1.0-1.5 [Oil] [Oil]
2.0-2.5 [ioi] [lio]
[Oil] [101]
2.2-3.3 [Oil]
[iio]
[ioi]
0.5-1.5 [ioi] [101]
[Oil] [110]
T ab le  6.1. D e ta ils  o f th e  in d e n te d  and  fa tig u e d  specim ens of o r ie n ta t io n s  
U an d  E u sed  fo r  TEM stu d y , ’d ' is  th e  average  d iag o n a l len g th  o f th e  
in d e n ta tio n .
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Specim en
No
A verage d iag o n a l 
len g th s  o f in d e ­
n ta tio n s  in  an n ­
ealed  c ry s ta ls  
(pm)
A verage d iagonal le n g th s  o f th e  
in d e n ta tio n s  a f te r  fa tig u e  a t  
am p litu d es  shown* (cum ulative  to ta l  
s t r a in  am plitude in  b ra c k e ts )
(pm) (pm)
Cl 71.0 52.1, W3 (43.6) 51.3, W4 (77.6)
C2 71.7 51.1, W4 (63.0)
C4 73.5 59.1, W3 (43.6) 53.6, W4 (103.6)
C5 71.7 53.3, W5 (158.0)
U 72.8 56.5, 01 (5.6) 55.25, 02 (6.4)
T able  7.1. D etails  of th e  in d e n ta t io n  sizes fo r  d if f e re n t fa tig u e  cycling  
c o n d itio n s .
* Specim ens C1-C2, C4-C5 w ere fa tig u e d  a t th e  low er am p litu d es, W1-W2 
b e fo re  fa tig u e  w ith  th e  w heels show n. The to ta l  s t r a in  am p litude  v a lu e s
u sed  a re  (approxim ately); Wl: 2x10 -4
8x10-4 W5: 1.1x10 -3 01: 1.4x10 -3 02: 1.6x10
W2: 4x10 
-3
-4 W3: 6x10-4 W4:
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Specim en F a tig u e  cycling R egions A pproxim ate d e p th s B urgers
No. ------------ o f th e and d is ta n c e s  of v e c to rs
S tra in No.of in d e n t­ a reas s tu d ie d  from found  in
am pli­ cycles a tio n th e c en tre  of th o se
tu d e s tu d ie d th e in d e n ta tio n reg io n s
(Depth) (D istance)
(10‘ ^) X (pm) ( d )  X (±a/2) X
(O rien ta tio n  U)
F Il 1.4 10^ 1, 20-25 1.0-1.5 [O il ] , [O il ] ,
7, 8 [101], [ i o i ]
FI2 1.6 10^ 7, 8 25-28 1.2-1.5 [O i l ] , [ i o i ]
FI3 1.6 10^ 3, 4 15-20 1.6-3.0 [101], [O il]
FI4 1.9 10^ 6 10-15 0.5-3.5 [O i l ] , [ o i l ] .
7. 8 [ i l o ] . [110]
(O rie n ta tio n  E)
FI5 1.4, 3x10 fo llow ed
by 1.9 10 4, 5 15-20 1.0-2.0 [O i l ] , [ l i o ] .
[101], [101]
T able  7.2. D e ta ils  o f th e  'fa t ig u e d  and in d en ted ' TEM specim ens. Load 
o f th e  in d e n ta tio n  u sed  was 100 gm fo r  a ll th e  specim ens, 'd ' is  th e  
av e rag e  d iagonal le n g th  o f th e  in d e n ta tio n .
149
«^ a
(MPa)50
/ f o ly c r y a ta l s ,
H = 2 .2 4  (Ssichs J S ing le  
'C rye  ta  la
tH f  -  -  —  PSBs
10
0 5 ic f4
Eesolved sh ea r s t r a in
F ig . C yclic  s t r e s s  -  s t r a in  curves of fa tig u ed  copper s in g le
and p o ly cry sta l» »
p I prim ary s l i p  s s secon iary  s l ip  H ^  Sachs fa c to r
^PSB “ ■''■oil™© f r a c t io n  occupied by PSBs.
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Specimen Surface
(a )
Specimen Surface
PUSTIC
ZOMS
EIASTIC
ZOKE
F ig . 2 .2 . A s e c t io n a l  view of the d iverg ing  p lanes (Type I )  and th e  converging 
p lan es  (Type I I )  around Etn in d e n ta tio n , as  d e fined  in  th e  Dyer model (1965), 
(b) P h y sica l model used by P e r ro t t  (1977) for th e  e l a s t i c - p l a s t i c  in d e n ta tio n .
re p re se n t s p h e r ic a l  p o la r co -o rd in a tes ,* ^ ^  i s  th e  angle o f the  co n ica l 
in d e n te r  and ’a '  i s  th e  ra d iu s  of the in d en ta tio n  a t  the  f re e  su rfa c e .
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(001)fiT
o i l
(a)
M
001
010
100
F ig . 2 .5 . (a ) P re fe rre d  s tre a m lin e s  (o f s t r e s s )  fo r  th e  p la s t ic  f lo v  around 
a b a l l  in d e n ta tio n  on a cube face  o f copper a s so c ia te d  w ith  two types of 
tru n c a te d  py ram ids,defined  by th e  Dyer model (Dyer 1965); Type I  pyramids 
d iv erg e  in to  th e  n s t e r i a l  and Type I I  pyramids converge in to  th e  m a te r ia l ,  
(b } Arrangement o f type I  and type I I  pyramids w ith  re sp ec t to  the  axes of 
th e  u n i t  c e l l .
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G liding
Systei
Specimen.
Clamp
To the
E ccen tric
M otor
Fig« 3-1 o Diagram of th e  fa tig u e  te s t in g  machine,
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.1
to
C*)
s lo t
(b)
•4--------- T# THE ECCEKTRIC WHEBIL
Fig* ;5*^ (^) Shape anâ d im em isns o f th e  specim ens--used-ii3 f a t ig u e -  
t e s t s »  (b) Clamping ajxangement a t  the  narrow eM  of the  specimen*
154
0.4cm
Fig* 5*5*
Shape and 
Dimensions ©f 
the  alim lnlum  
beam used fo r  
fa tig u e  of 
th in  f o i l s / s t r i p s  
in  rev e rse  bending 
fa tig u e  cycling»
oHOLES FORTHE BOLTS
SPE(jIMEN
4* 5cm
16,3cm
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lTo The Lowering Mechanism.
^  ToJ^Kotary Pump,
5 4  cm
Clamp
Alumina Tube
Mould
Furnace
Plug
(a ;
4 0 mm -►j 1 1 mm|r — 4 ' 'Il1mmk— 1 5 mm—h------------ 5 4 mm----------------»+•----------
(b ;
P ig , 5 *4 , (a ;  C iy s ta l  growing ap p ara tu s ,
^b) Shape and dimensions of the  mould used to  grow s in g le  
c r y s ta l s  from seeds.
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t2 T il
C2
t2t2
to
'ctAe
^ 0 1 1001
Pig. 3-5o
L ocations o f c e n tr a l  t e n s i l e  s t r e s s  a ree  [ tc )  to  w ith in  5 o t  6^ 
o f  th e  s in g le  c ry s ta ls  used in  th e  b a sic  n n it  t r i a n g le  of th e  s tan d a rd  
s te reo g rap h ie  p ro je c tio n  fo r  f . c . e .  m a te r ia ls .  The ends of a rc s  re p re s e n t  
t1 and t2  defined  in  f i g ,  5-2 (a j,.
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(a)
/
(b)
N/
I
P ig . 4*1 '  ( a )  G eneral shape o f th e  pyramid in d e n ta tio n  in  annealed 
specimens w ith  th e  la b e l l in g  nsed in  th e  te x t»
(b ) Regions f  Zones arroim d th e  in d e n ta tio n  teiken eq u iv a len t 
to  the  e ig h t o c ta n ts  o f  an (b01 j o r ie n ta t io n  in  f .c .o »  m t e r i a l s .
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595 X
395 X
Ton
TTü
I down;
101
iiov,up;
W“
F i g .  4 . Specimen C l .  { a , )  100 gro i n d e n t a t i o n  i n  th e  a n n e a le d  sp ec im en .
; 100 gm i n d e n t a t i o n  i n  t h e  f a t i g u e d  spec im en , ( c ; specim en  o r i e n t e d  
Thompson t e t r a h e d r o n ,  ( d y d i v e r g i n g  t r u n c a te d  pyramid a p p r o p r i a t e  t o  t h i s  
spec im en , ( ' u p '  means d i r e c t e d  o u t  o f  th e  specim en s u r f a c e  a t  t h e  in d e n te d  
s i d e  and 'down' has  th e  o p p o s i t e  m ean ing ).
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580 X
ffOI
Kup)
(down)
4101 Àdown)380 X
F i g .  4»3- Specimen U2. ^a ;  100 gm i u d e n t a t i o n  i n  t n e  a n n e a le d  spec im en , 
l b /  100 gm i n d e n t a t i o n  and PSiJs around  i t .  (c> specim en o r i e n t e d  Thompson 
t e t r a h e d r o n ,  ( d ;  d i v e r g i n g  t r u n c a t e d  pyramid a p p r o p r i a t e  t o  t h i s  spec im en .
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90x Id; lüux
ÎTTo(down;
(down;
I 110
▼(up;
Î10 — #
U p )
(down;
(down;
(up;
P ig .  4 . 4 . Specimen o f  o r i e n t a t i o n  C3/TJ. ( a ;  100 gm i n d e n t a t i o n  i n  th e  u nannea led  
specim en C3. ( b ; - ( d ;  P S B s /s l ip  l i n e s  a round  100 gm i n d e n t a t i o n s  in  s t r i p s  o f  
o r i e n t a t i o n  U. ( e ; specim en o r i e n t e d  Thompson t e t r a h e d r o n ,  ( f / d i v e r g i n g  
t r u n c a t e d  pyramid a p p r o p r i a t e  t o  t h i s  o r i e n t a t i o n .
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4 1 0  I 1 4 0  X
4 1 0  X 4 1 5  X
\110(up)
(down)
(down)
(down;
(down)
“’i g ,  4 . 5 . Specimen C4 , ( a ;  1uO gm i n d e n t a t i o n  i n  th e  a n n e a le d  spec im en , 
k b ; - ( c ; 100 gm and ( d ; 30 gm i n d e n t a t i o n  and PSos a round  them, ( e ; specim en  
o r i e n t e d  Thompson t e t r a h e d r o n ,  ( f )  d i v e r g i n g  t r u n c a t e d  pyramid a p p r o p r i a t e  t o  
t h i s  specim en.
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410  X
410 X
/
(down)
(111), D(a)
down )
F ig .  4 . 6 . Specimen C?. ( a )  100 gm i n d e n t a t i o n  i n  th e  a n n e a le d  spec im en .
(b ;  luO gm i n d e n t a t i o n  and PSds a round  i t .  ( c ) specim en o r i e n t e d  Thompson 
t e t r a h e d r o n ,  ( d ) d i v e r g i n g  t r u n c a te d  pyramid a p p r o p r i a t e  t o  t h i s  sp ec im en .
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(OiTj TTT^
COlTj \g  1*m 
TTT
&
•(b) CoiT)
Cg/ (OlTy  \g* 1um (h )  (011 /
111 \
r i g ,  4 «7.  O r i e n t a t i o n  U, specim en I I ,  100 gm i n d e n t a t i o n .
T y p ic a l  d i s l o c a t i o n  s t r u c t u r e s  around th e  i n d e n t a t i o n s  from r e g i o n s :  
( a ; - ( t )  8 ( c ; - ( d ;  1 /8  ( e ) - ( f )  2 /5  ( g ; - ( h )  5/ 4 .
g Ivun
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CoTO) -  y N à  ' 1pm * P r . l l î
^ 0 9
(010;
(01T) 111
03?J TtiK ^
Fig. 4 .8 .  O rien ta tion  U, specimen I I ,  1U0 gm in d e n ta t io n .
Typical d is lo c a t io n  s t ru c tu re s  around the in d e n ta t io n s  from reg ions : 
(a ;  4/5 (b; 5/6 ( c ) - ( d ;  3/4 ( f )  3.
IBS
Cott; , t t v
( S3T )  s  ^
Pr.lTO ^  025
^çm
\
IU11)
F ig .  4 .9* O r i e n t a t i o n  U, specim en 12, lOU gm i n d e n t a t i o n .
T y p ic a l  d i s l o c a t i o n  s t r u c t u r e s  around th e  i n d e n t a t i o n  from r e g io n s :  
l a ;  4 /5  l b ;  5 /4  l c ; - i e ;  5 i d ;  7 /8  i f ;  1 / 2 .
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m
0>J 0 2 T i
9 x m  P r .0 1 1
Cd; 0 ) 2 1
F ig ,  4 . 1O* O r i e n t a t i o n  U, specim en I ) ,  lu u  gm i n d e n t a t i o n .
T y p ic a l  d i s l o c a t i o n  s t r u c t u r e s  a round  tn e  i n d e n t a t i o n  from r e g i o n s :  l a ;  5
v b /  5 / 4  v c / - ^ d ;  1 / Ü .
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9"
l a ;
f  s  '
//
(T10J y i i  ' 1uin ( g )  (T io )
F ig . 4 .11 . O rien ta t io n  ü, specimen 14, lûü gm in d e n ta t io n .
Typical d i s lo c a t io n  s t ru c tu re s  around the  in d e n ta t io n  from reg io n s :  (a ;  7
lb ;  8 ( c ; 1/2 (d / i s  of a h igher m agnifica tion  from ( c ; .  The reg ions
studied were nearly  9d from the cen tre  of the  in d e n ta t io n .
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f o i u  TTT
F ig .  4 .1 2 ,  O r i e n t a t i o n  Ü, specim ens 15, I 6 ,  )U gm i n d e n t a t i o n .
T y p ic a l  d i s l o c a t i o n  s t r u c t u r e s  around th e  i n d e n t a t i o n  from r e g i o n s :  ( a / —( c )  
4 (b ;  5/6  from specim en 15 and ( d ; - ( f ;  5 /6  from specim en 16 .
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Cott; ,  t i i
(e)  (O i l ) X ( f )  (12Î) Tl1Vun
F ig .  4 . 15 . O r i e n t a t i o n  E, specim en 17 , 50 gm i n d e n t a t i o n .
T y p ic a l  d i s l o c a t i o n  s t r u c t u r e s  around th e  indentation from r e g i o n s :  ( a ;  1 /8
l b ;  1 /2  ( c ;  8 i d ;  5 l e ; - i f ;  5 .
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ic; (oiT) Pr.10 1
P r .1 1 0
I ‘P r , * = p r o j e c t i o n  o f ;
(d; (01T; Pr.TiOPr.101 111/ 0.5um
F ig .  4 .1 4 .  O r i e n t a t i o n  E, specim en I ?  ( c o n t i n u e d ; .
T y p ic a l  d i s l o c a t i o n  s t r u c t u r e s  a round th e  i n d e n t a t i o n  from r e g i o n s :  ( a ;  2 /5
i h ;  4 /5  ( c ; 2 /7  ( d ;  2 / 7 ,  i s  o f  a  h i g h e r  m a g n i f i c a t i o n  from ( c ; .
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PYRAMID
IKDEHTEH
^ 8 '
U pthrust Surface
Surface 
o f  the  
Specimen
P ig .  4«15« P hys ica l  Model f o r  the  S t r e s s  D is t r ib u t io n  around a  . Pyramid 
In d en te r  in  an I s o t ro p ic  M ateria l#  G s tan d s  f o r  S t r e s s  Contour 
and S i s  f o r  S t r e s s  S tream lin e s ;  P1 shows one s id e  o f th e  
In d en ta t io n ;  P2 i s  th e  opposite  s id e .
172
S lip  plane 
NormalS lipSpecimen
Applied
Stress
S lip  d irection
( 111 )
i / f i f e i U  l / r t T J f l
F ig , 4V1£> lU o stx a tsa  the rssolred  shear stress  on a s l ip  system 
along a s l ip  4^Irect'Ion; | f  Is the angle between s l ip  plane normal amT 
the applied stress  which a lso  sakes an angle with the s l ip  direction*  
(b) l /8 th  unit c e l l  o f a cubic cry sta l la t t ic e  showing Thompson g lid e
iefrahêdroïT ABCD end (c) Seine tetrahedron opened a t  the com er D*
175
1 /
own)
(T e n s io n  a x i s  
f o r  f a t i g u e )
(b)
F ig .  4*17. (a )  A rough co n f ig u ra t io n  of s l i p  t r a c e s  on the  a c t iv e  
s l i p  p lanes around an in d e n ta t io n  in  U«oriented t h in  f o i l  specimens 
co n s tru c te d  from some o p t i c a l  photographs.
(b) Diverging t ru n c a te d  pyramid ap p ro p r ia te  to  U o r ie n ta t io n  with 
g l id e  d i r e c t io n s  in d ic a te d ,  •'up’ means d i re c te d  out of the  specimen 
s u r fa c e  and ’down’ has i t s  opposite  meaning®
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\ \
—  /
(b)
110
(down
101
CCc)
Oil
(TenBÎon a x is  
f o r  f a t ig n e )
TTo
(ap,
k
own)
10
P ig .  4*18. (a )  A rough c o n f ig u ra t io n  of s l i p  t r a c e s  on the  a c t iv e  s l i p  
p lanes  around an in d e n ta t io n  in  E -o rien ted  th in  f o i l  specimens co ns truc ted  
from some o p t ic a l  photographs, (h) Diverging tru n ca ted  pyramid ap p ro p r ia te  
t o  E o r ie n ta t io n  w ith  g l id e  d i r e c t io n s  in d ic a te d ,  *up* means d i re c te d  out 
o f  the  specimen aïKÎ 'down* has i t s  opposite  meaning.
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R2
12 18)
R8
Fig» 4»19® (Schematic^ approximat® lo ca t io n s  of the  a r e a s  s tud ied  around 
in d e n ta t io n s  in  TEK specimens 11™!?® Average d is ta n c e s  o f  these  a reas  from 
the  c e n t r e s  of th e  in d e n ta t io n s  a re  given in  ta b le  4*2» R1 @ R2, e tc*  stand  
f o r  reg io n s  1 @ 2, etc» and ' d ‘ i s  the  average d iagonal len g th  of the  
in d en ta tio n s»  The d o t te d  l i n e s  show the s ides  o f  the  inden ta tion»
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' V.. \
. \
(by 95x
Icy
(
50ÜX
«
vdy
« *,
5UÛX
vey 95x 95x
Fig. 5.1. O ptical m icrographs from s ing le  c ry s ta l  fa t ig u ed  specimens; (a)-(d)
from specimen Cl, fa t ig u ed  w ith  wheels W1-W4, rep ec t iv e ly  up to  e^ = 39,
97, 424 and 616, (e) from C3, fa t ig u e d  up to  e^ = 150 and (f) from C5,
fa t ig u ed  up to  e  ^ = 131. Tension ax is  fo r  fa t ig u e  is n ea r ly  h o rizon ta l .  ^ t.cum.
cum. is  th e  to ta l  cum ula tive  s t r a in  am plitude].
177
Caj
TUpm
Cb }
4pm
Fig. 5.2. SEM m icrographs from fa t ig u e d  specimens; (a) from specimen Cl,
fa tigued  up to  e. = 424 followed by fa t ig u e  w ith  wheel W4 a f te r  a l ig h t  t,cum. = 616, (b) from specimen C5, fa t ig u ed  up toe lec tro p o l ish in g  up to  e.^ o I' t.cum.
e. = 196. Tension axis fo r  fa t ig u e  is  horizon ta l .t,cum.
cum ulative  s t r a in  am plitude].
[e t,cum. is to ta l
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Fig. 5.3. (a)-(e) O ptical and (f) SEM m icrographs from fa t ig u ed  s ingle
c ry s ta l  specimens; (a) from specimen 08, (b) from 07, b o th  fa t ig u ed  up to
e = 189, (c), (d) and (f) from specimens of o r ie n ta t io n  U, fa t ig u ed  a t  a
t  i C L i n i a  *  J
to ta l  s t r a in  am plitude: 1.6x10 fo r  10 cycles, (e) from a specimen of
o r ie n ta t io n  E, fa tig u ed  a t  e^ = 1.6x10  ^ fo r  10^ cycles Tension ax is  is
nearly  horizon ta l,  [e^ is th e  to ta l  cum ula tive  s t r a in  am plitude].t.cum.
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Fig. 5.4. SEM m icrographs showing s u rfa c e  to p o g rap h y  of PSBs from a specimen 
of o r ie n ta t io n  U, fa tig u ed  at a to ta l  s t r a in  am plitude: 1.6x10 fo r  10
cycles. Tension ax is  fo r  fa tigue  is h o rizo n ta l .
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Fig. 5.5. O ptical and SEM m icrographs from the  fa t ig u ed  p o ly c ry s ta l l in e  
specimens; (a) and (b) from specimen P3, (c)-(e) from P4 and (f) from a th in  
fo il specimen. All the  specimens were fa t ig u ed  near ly  equally: up to  a to ta l  
cum ulative s t r a in  am plitude = 102. M agnification fo r  each m icrograph is  lOOx 
approxim ately. Tension ax is  is almost horizon ta l .  A p i t  a t  'p' in m icrograph 
(a) is an ind en ta t io n .  Tension ax is  fo r  fa t ig u e  is nearly  horizon ta l.
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Fig. 5.6. SEM m icrographs from th e  fa tig u ed  p o ly c ry s ta l l in e  specimens; 
(a) and (b) from P5, fa tigued : up to  e^ = 256, (c) from close to  a
boundary  in specimen C7 which was mainly m onocrysta lline , fa t ig u ed  up to
e. = 184. Tension ax is  fo r  fa t ig u e  is  almost ho rizon ta l ,  [etjCum. ° L,
th e  to ta l  cum ula tive  s t r a in  am plitude]
cum. IS
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Fig. 5.7. Typical d is lo ca tio n  s t r u c tu r e s  in specimen FI (O rien ta t io n  U),_3fa t ig u ed  a t  a to ta l  s t r a in  am plitude: 1.4x10 fo r  10 cycles.
1 8 3
Pr.111 g
(OIT) y Cb) (o iT ; ?ou Ipm
Pr.111
#
TTî^^ ^ 2pm
Fig. 5.8. Typical d is lo ca t io n  s t r u c tu r e s  from specimens F2 and F3, fa tig u ed  
a t  a to ta l  s t r a in  am plitude: 1.4x10  ^ fo r  10^ cycles. M icrographs (a)-(d) are  
from F2 and (e)-(f) from F3. [ 'Pr. ' s tan d s  fo r  p ro jec tion  of th e  d irec t io n  
shown]
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s
1( f )  ( 0 5 1 ;
P lg . 5 . 9 . Typical d i s lo c a t io n  s t ru c tu re s  from specimen ?4, 
fa tigued  a t  a t o t a l  s t r a i n  am plitude: 1.6x10  ^ f o r  10^ cy c le s .  
Tension a x is  fo r  fa t ig u e  makes n ear ly  - 5 0  degrees angle with 
Cf f i l  d i r e c t i o n .
. fJ I 5 OX
1 8 5
kTiOy TTT/g
t
Â
Fig. 5.10. Typical d is lo c a t io n  s t r u c tu r e s  from specimen F5, fa t ig u ed  a t  a
-3 4 3to ta l  s t r a in  am plitude: 1.4x10 fo r  10 cycles followed by 5x10 cycles a t-3 . . __1.9x10 . Tension ax is  fo r  fa t ig u e  makes near ly  -50 degrees angle w ith [111].
1 8 6
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Fig. 5.11. T y p i c a l  d i s l o c a t i o n  s t r u c t u r e s  f rom  a few g r a i n s  o f  a c o m m e r c i a ’ 
p u r i t y  p o l y c r y s t a l l i n e  s p e c im e n ,  f a t i g u e d  a t  a t o t a l  s t r a i n  a m p l i t u d e :  
1.4x10 *' f o r  1.2x10^ c yc le s .
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Fig.  5.12. D i f f e r e n t  t y p e s  o f  d i s l o c a t i o n  s t r u c t u r e  f rom  a p u r e  
p o l y  c r y s t a l  l i n e  s p e c i m e n ,  f a t i g u e d  a t  a t o t a l  s t r a i n  a m p l i t u d e :  1.9x10 f o r  
l .Sx lO ^cyc les .  The  a v e r a g e  g r a i n  s ize  was  in  t h e  r a n g e  b e t w e e n  100 t o  20i ^rr.
188
m
Fig. 6.1. O p tical m icrographs from sin g le  c ry s ta l specim ens, in d en ted  w ith  a 
100 gm load  and fa tig u ed  w ith w heels W1-W4 up to  a to ta l  cum ulative  s tra in  
am plitude  = 120. M icrographs (a)-(b) from  specim en Cl, (c) from C3, (d)-(f) 
from C5 and (g.)-(h) from C7. M agnification  o f th e  m icrographs is  n early  395x 
and th e  te n s io n  ax is  fo r  fa tig u e  is  n ea rly  h o rizo n ta l.
U ; lUpm Cb, TOpm
*■ >
10 pm
(d; 1 OpuLFig. 6.2. SEM m icro g rap h s from  th e  'in d e n te d  and fa tig u e d ' specim en Cl. 
M icrographs (a) and (b) show tw o 100 gm in d e n ta t io n s  a f te r  a l ig h t  
e le c tro p o lish  fo llow ed  by fa tig u e  w ith  w heels W1-W4 up to  a to ta l  cu m u la tiv e  
s t r a in  am p litu d e  = 424; (c) and (d) show  d if f e re n t  100 gm in d e n ta t io n s  a f te r  
re -e le c tro p o lish in g  fo llow ed  by fa tig u e  up to  a to ta l  cu m u la tiv e  s t r a in  
am p litu d e  = 616.
1 9 0
10pm
g
10pm
Fig. 6.3. SEM m icrographs from  sin g le  c ry s ta l specim ens, in d en ted  w ith  a 100 
gm load  and fa tig u e d  w ith  w heels W1-W4 up to  a to ta l  cum ulative  s t r a in  
am plitude = 190. M icrograph (a) is  from  specim en 04 and (b)-(c) a re  from 
specim en 05. T ension ax is  fo r  fa tig u e  is  h o rizo n ta l.
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Fig,  6 .4 . T ypical d is lo c a tio n  s t ru c tu re s  from specimen IF1 (o r ie n ta t io n  Uy, 
indented w ith a luu gm load and fa tig u ed  a t  a to t a l  s t r a in  am plitude: 1.4x10"^ 
fo r  luO c y c le s . Micrographs a re  from: (a) reg ion  6 (b ) - (e ;  d iagonal reg ion  
7/8 ( f ; boundary reg ion  1/8 of the in d e n ta tio n .
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Typical d is lo c a tio n  s t ru c tu re s  from specim ens IF2 
(O rien ta tio n  U), in d en ted  w ith  a 1 0 0  gm load  and fa tig u e d  a t a to ta l  s t r a in  
am plitude; 1.4x10  ^ fo r  5x10^ fo r  specim en IF2 and 10^ cycles fo r  specim en 
IF3. M icrographs (a l)-(a3) a re  from th e  bo u n d ary  reg ion  4/5 and (b) from 
reg ion  3 of th e  in d e n ta tio n  in specim en IF2 and (c)-(d) a re  from th e  boundary  
reg ion  2/3 o f th e  in d e n ta tio n  in specim en IF3.
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Fig.  6.6. T y p i c a l  d i s l o c a t i o n  s t r u c t u r e s  f ron i  s p e c i m e n  IF4 ( O r i e n t a t i o n  U). 
i n d e n t e d  w i t h  a 100 gm l o a d  a n d  f a t i g u e d  a t  a  t o t a l  s t r a i n  a m p l i t u d e :  
1.6x10  ^ f o r  10^ c y c l e s .  A r e a s  s t u d i e d  c o r r e s p o n d  t o  t h e  d i f f e r e n t  r e g i o n s  of  
t h e  i n d e n t a t i o n  s h o w n  in  t h e  o p t i c a l  m i c r o g r a p h  (c) w h i c h  a r e :  (a) - (b )  and  
(d )-( f)  b o u n d a r y  r e g i o n  1/8 a n d  (g)-( i )  r e g i o n  2. [ 'P r . '  m e a n s  p r o j e c t i o n  o f  
t h e  d i r e c t i o n  s h o w n ] .
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Fig. 6.7. Typical d is lo c a tio n  s t ru c tu re  from  specim en IF5 (O rien ta tio n  E), 
in d en ted  w ith  a load  of 30 gm and fa tig u e d  a t  a to ta l  s tra in  am plitude:-3 41.4x10 fo r  10 cycles. A reas s tu d ie d  co rre sp o n d  to  th e  d if fe re n t reg io n s  of 
th e  in d e n ta tio n  shown in  th e  o p tic a l m icrograph (d). M icrographs a re  
from :(a)-(c) reg ion  1, (e) d iagonal reg ion  7/8 and (f) reg ion  2. The
micrograph (b> i s  o f a h ig h e r m agn ifica tion  of a reg ion  c lo se  to  ( a ) .  . [ 'P r .' 
means p ro jec tio n  of of th e  d ire c tio n  show n].
1 9 7
(a ; (T2 T;
n i
t
( o i T ; l i i I d / iUTT J
Fig.  6.8. T y p i c a l  d i s l o c a t i o n  s t r u c t u r e s  f ro m  s p e c i m e n  IF5 (as  in  f ig .  6.7) 
f rom:  (a) r e g i o n  7, (b) b o u n d a r y  r e g i o n  4/5, (c) r e g i o n  8 a n d  (d) r e g i o n  1 o f  
t h e  i n d e n t a t i o n  s h o w n  i n  f ig .  6.7(d).
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Fig. 7.1. S urface  s l ip  tra c e  c o n fig u ra tio n  a round  100 gm in d e n ta tio n s  made in 
specim ens fa tig u e d  w ith  w heels W1-W4 up to  a to ta l  cu m u la tiv e  s tra in  
am plitude  app rox im ate ly  in  th e  ran g e  betw een 150-180. M icrographs are  from 
specim ens: (a) P3, (b)-(c) C l, (d) C2 and (e)-(f) C5. In d e n ta tio n s  a t p and 
'q ' in  m icrographs (a) and (d) w ere made in th e  specim ens p r io r  to  th e ir  
fa tig u e . Tension ax is  fo r  fa tig u e  is  n ea rly  h o rizo n ta l.
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TnarFig. 7.2. SEM m icrographs from specim en Cl, fa tig u ed  w ith  w heels W1-W4 up to  
a to ta l  cum ulative  s tra in  am plitude  = 180 and in d en ted  w ith  a 1 0 0  gm load, 
show ing th e  e ffe c t of in d e n ta tio n  on th e  fa tig u ed  specim en. M icrographs (a) 
and (c) a re  of h ig h e r m agn ifica tion  from reg io n s  'A' and B of the  
in d e n ta tio n  shown in (b). Tension ax is  fo r fa tig u e  is  h o rizo n ta l.
2 0 0
s lip  plane 
traces
Fig. 7.3. SEM m icrographs from specim en C5, fa tig u e d  w ith  w heels W1-W4 up to  
a to ta l  cum ulative  s t r a in  am plitude  = 196 follow ed by fa tig u e  w ith  wheel W5 
fo r 5x10^ cycles and in d en ted  w ith  a 1 0 0  gm load , show ing th e  e ffe c t of 
in d e n ta tio n  on th e  fa tig u e d  specim en. M icrographs (b) and (c) of h ig h e r 
m agn ifica tion  a re  from reg ion  'p ' o f (a). Tension ax is  fo r  fa tig u e  makes 
nearly  43 degrees angle w ith  th e  h o rizo n ta l d irec tio n .
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Fig. 7.4. SEM m icrog raphs from specim en C5, fa tig u e d  w ith  w heels W1-W4 up to  
a to ta l  cum ula tive  s t r a in  am plitude  = 196 and in d en ted  w ith  a 100 gm load. 
M icrographs (c) and (f) o f h ig h e r m ag n ifica tio n  a re  from reg io n s  2 , 3 and 6 , 
7 re sp ec tiv e ly . The in d e n ta tio n  seen  p a r t ly  in  th e se  m icrographs. M arker in 
fig . 7.4(b) show s th e  d ire c tio n  o f th e  te n s io n  ax is  fo r  fa tig u e .
2 0 2
Slip  plane traces I A ia c r it ic a l  B i s  primary C is  conjugate
Fig. 7.5. SEM m icrographs from a specim en of o r ie n ta tio n  U, fa tig u e d  a t  a 
to ta l  s t r a in  am plitude: 1.9x10  ^ fo r  10^ cycles and in d en ted  w ith  a 100 gm
load. M icrograph (b) is  of h ig h e r m agn ifica tion  from  reg io n  'p ' 
Tension ax is  fo r  fa tig u e  is  alm ost h o rizo n ta l.
o f (a).
é y
s
Fig. 7.6. SEM m icrographs from a specim en o f o r ie n ta tio n  c lo se  to  E, fa tig u ed  
a t  a to ta l  s t r a in  am plitude: 1,4x10  ^ fo r  10^ cycles and in d e n te d  w ith  a 100 
gm load. M icrographs (b) and (d) o f h ig h e r m agn ifica tion  a re  from  reg io n s  'p ' 
and 'q ' o f (a) and (c) re sp ec tiv e ly . T ension ax is  fo r  fa tig u e  is  alm ost 
ho rizo n ta l.
2 0 4
lOum lOum
Fig. 7.7. SEM m icrographs (a)-(b) a re  from specim en PI, fa tig u e d  up to  
®t cum ~ 205, (c)-(d) o p tic a l and (e)-(f) SEM m icrographs from  specim en P3,
fa tig u ed  up to  e. = 158 and in d en tedt,cum. each w ith  a 1 0 0  gm load.M icrographs (b) and(f) a re  th e  h ig h e r m agn ifica tion  m icrographs o f a p a r t  'A'
and 'P' of (a) and (e) re sp ec tiv e ly . Tension ax is  fo r  fa tig u e  is  n ea rly
ho rizo n ta l, [e, is  th e  to ta l  cum ula tive  s t r a in  am plitude]t,cum.
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Fig. 7.8. SEM m icrographs from a p o ly c ry s ta llin e  specim en P3, fa tig u e d  up to  
a to ta l  cum ulative  s t r a in  am plitude  = 160 and in d en ted  w ith  a 1 0 0  gm load. 
M icrograph (b) is  of h ig h e r m ag n ifica tion  from p a r t  'p ' o f (a). D is to rtio n  
seen a t th e  low er s ide  of th e  in d e n ta tio n  in (a) was p ro b ab ly  in tro d u ce d  when 
i t  was made. Tension ax is  fo r  fa tig u e  is  h o rizo n ta l.
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Fig. 7.9. T ypical d is lo c a tio n  s t ru c tu re s  from specim en F il (o r ie n ta tio n  U), 
fa tig u ed  a t a to ta l  s tra in  am plitude  1.4x10  ^ fo r  10^ cycles and in d en ted  
w ith  a 100 gm load. M icrographs a re  from reg ions: (a)-(b) 2, (c)-(d) 5, (e), 
(g)“(i) 3 of th e  in d e n ta tio n  shown in (f). [ 'P r.' means 'p ro je c tio n  o f th e
d irec tio n  shown in th e  p lane o f p ap er].
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Fig. 7.10. Typical d is lo ca tio n  s t ru c tu re s  a round  100 gm in d e n ta tio n s  made in 
specim ens FI2 and FI3 (o r ie n ta tio n  U) fa tig u e d , p r io r  to  in d e n ta tio n , a t a 
to ta l  s tra in  am plitude 1.6x10  ^ fo r 10  ^ cycles. M icrographs a re : (a)-(b) from 
th e  d iagonal reg ion  7/8 of th e  in d e n ta tio n  in  specim en FI2 and (c)-(f) from 
the  boundary  reg ion  2/3 of th e  in d e n ta tio n  in specim en FI3. [ 'P r .' means th e  
p ro jec tio n  of the  d irec tio n  shown].
2 0 9
/
<oiT) 7
Pr.I lT  Same reflection
for micrographs 
(a )  -  (d)
Fig. Typical d is lo c a tio n  s t ru c tu re s  from specim en FI4 (o r ie n ta t io n  U),-3 4fa tig u ed  at a to ta l  s tra in  am plitude: 1.9x10 fo r  10 cycles and in d en ted  
w ith  a 1 0 0  gm load. M icrographs a re  from reg ions: (a)-(b) 7/6 and (c)-(d) 
6/7. of the  in d e n ta tio n . [ 'P r .' means p ro je c tio n  of th e  d ire c tio n  show n].
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Fig. 7.12. Typical d is lo c a tio n  s t ru c tu re s  from specim en FIS (o r ie n ta tio n  E), 
fa tig u ed  a t a to ta l  s t r a in  am plitude: 1.4x10  ^ fo r  3x10^ cycles fo llow ed by 
10^ cycles a t 1.9x10 and in d en ted  w ith  a 100 gm load. M icrographs a re  from 
th e  boundary  reg ions: (a)-(b) 1/8 and (c)-(f) 4/5 of th e  in d e n ta tio n . [ 'P r .' 
means p ro jec tio n  of th e  d ire c tio n  show n].
211
REFERENCES
A bel A., Wilhem M. and G erold V., Mat. Sci. Eng. 37 (1979) 187.
A ckerm ann F., Kubin L. P., L ep inoux  J . and M ughrabi H., A cta Met. 
32 (1984) 715.
A li A. M. H. and C harsley  P., Mat. Sci. Eng. 56 (1982) 87.
A m elinckx S., in  : 'The D irec t O b se rv a tio n  o f D is lo ca tio n s ': Solid  
S ta te  P hysics (1964), Academic P ress  London.
B ailey  J . M. and  Gwathmay A. T., J . App. Phy. 31 No. 9 (1960) 1538.
B a rre t C. and M assalsk i T. B. 'S tru c tu re  of M etals' th ird  re v ised  
e d d itio n  (1982), Pergam on P ress  O xford.
B asin sk i Z. . S., K orbel A. S. and  B asinsk i S. J ., A cta Met. 28 (1980)
191.
B asin sk i Z. S. and  B asinsk i S. J ., A cta Met. 33 (1985) 1307.
B asin sk i S. J ., B asinsk i Z. S. and Howie A., P h il. Mag. 18 (1969)
899.
B uch inger L., Yan B. D. and L a ird  C., Mat. Sci. Eng. 70 (1985) 161.
B uch inger L., S tanzl S. and L a ird  C., Phil. Mag. A50 (1984) 275.
B au sch in g er L., J . M itt. M ech-Tech. Munch 13 (1886) 1.
Brown L. M. in  'D islo ca tio n  M odelling o f P h y sica l System s' pp. 51 
(1981) Pergam on P re s s , London.
C h ars ley  P. and  K uhlm ann-W ilsdorf, P h il. Mag. 44 (1981) 1351.
C h ars ley  P., Mat. Sci. Eng. 47 (1981) 181.
C h ars ley  P., P u tt ic k  K. E. and  W hite J . D. M., S c rip ta  Met. 15
(1981) 1201.
C h ars ley  P. and W hite J . D. M., Mat. Sci. Eng. 85 (1987) 101.
C h ars ley  P. and  R obins B. A., Mat. Sci. Eng. 14 (1974) 189.
212
C h arsley  P. and  H arris  L. J . (1986), Phy. Dept. U n iv e rs ity  o f 
S u rrey , G u ild fo rd , England.
C h arsley  P. and  H a rris  L. J ., S r ip ta  Met. 21 (1987) 341.
Cheng A. S. and  L a ird  C., Mat. Sci. Eng. 51 (1981) 111.
C hurchm an A. T., Geach G. A. and  W inton J ., Proc. Roy. Soc. London 
A 238 (1956) 194.
C ro ck er A. G., P hysics  d e p a rtm en t U n iv ers ity  of S u rrey  G uild fo rd  
England, p r iv a te  com m unications.
D yer L. D., T rans. ASM 58 (1965) 620.
D yer L. D., A cta Met. 9 (1967) 927.
Essm ann U., P h il. Mag. A45 (1982) 171.
Essm ann U., G osele U. and M ughrabi H., Phil. Mag. A44 (1981) 405. 
F inney  J . M. and  L aird  C., P h il. Mag. 31 (1978) 2207.
F inney  J . M. and  L aird  C., Mat. Sci. Eng. 54 (1982) 137.
F e ltn e r  C. E. and  L aird  C., A cta Met. 15 (1967) 1621.
F ie ld in g  S. E. and  S tobbs W. M., J . o f M icroscopy 130 (1983) 279. 
F le is c h e r  R. L., A cta Met. 6  (1958) 553.
F ig u e ro a  J . C., B hat S. P., Veaux R de la , M uzenski S. and L aird  C., 
A cta Met. 29 (1981) 1667.
G ostelow  C. R., .M at^Sci. J . 5 (1971) 177.
Ham R. K. and Broom T., P h il. Mag. 7 (1962) 95.
H ahn H. N. and D uquette  D. J ., A cta Met. 26 (1978) 279.
H a rris  L. J ., Ph. D. T hesis  (1988), U n iv ers ity  o f S u rrey  G uild ford , 
England.
H elgeland  O., J . In s t. Met. 93 (1965) 570.
H ir th  J . P., J . App. Phy. 32 No. 4 (1961) 700.
Honeycombe R. W. K. 'The P la s tic  D eform ation o f M etals' second
213
ed d itio n  (1984), Edw ard A rnold  London,
H ull D. and  Bacon D. J . 'In tro d u c tio n  to  D is lo ca tio n s ' th ir d  
e d d itio n  (1984), Pergam on P ress  Oxford.
H anche B. D. A., Neumann P. and  L a ird  C., Mat. Sci. Eng. 79 (1986) 9.
J in  N. Y. and  W inter A. T., A cta Met. 32 (1984) 1173.
K uhlm ann-W ilsdorf D. and L a ird  C. Mat. Sci. Eng. 27 (1977) 137.
K uhlm ann-W ilsdorf D. and L a ird  G., Mat. Sci. Eng. 46 (1980) 209.
K uhlm ann-W ilsdorf D. and Nine H., J . App. Phy. 38 (1967) 1638.
K uhlm ann-W ilsdorf D., Mat. Sci. Eng. 39 (1979) 127.
K ehunen P. G., L ep isto  T., K ostorz G. and Goltz G., A cta Met. 29 
(1981) 969.
K e ttu n en  P. O. and Kocks U. F., A cta Met. 20 (1972) 95.
L a ird  C. and  C harsley  P., Conf. P roc., The M eta llu rg ica l S ociety  o f 
AIME, P en n sy lv an ia  (1981) 187.
L a ird  C., Mat. Sci. Eng. 22 (1976) 231.
L a ird  C., C harsley  P. and M ughrabi H., E lsv e ie r Sequoia  L aussane  
(1986) 433.
L a ird  C., F inney  J. M. and K uhlm ann-W ilsdorf D., Mat. Sci. Eng. 50 
(1981) 127.
L a u fe r  E. B. and R oberts  W. N., P h il. Mag. (1966) 65.
L orenzo F. and L aird  C., A cta Met. 32 (1984) 671.
L ukas P. and  K lesn il M., Mat. Sci. Eng. 11 (1973) 345.
L ukas P., K lesn il M. and K rejci J ., Phy. S ta t. Sol. 27 (1968) 545.
M ughrabi H., Mat. Sci. Eng. 33 (1978) 207.
M ughrabi H., '7 th  In t. Conf S tre n g th  o f M etals and a llo y s ' Pergam on, 
O xford, 3 (1985) 1917.
M ughrabi H., in  'D islo ca tio n s  and  P ro p e r tie s  of Real M ate ria ls ', Conf.
214
Proc. Book No. 323, The In s t i tu te  of M etals, London (1985) 
244.
M ughrabi H. and Wang R., D efo rm ation  of P o ly cry sta ls : M echanism and
M ic ro s tru c tu re s , Proc. 2nd Riso In te rn a tio n a l Symposium on 
M etullurgy  and  M ate ria l Science, ed ited  by H ansen N., 
H orsew ell A., L e ffe rs  T. and L ilho lt H., R osk ilde  Denmark 
(1981) 87.
Nine H. D., J. App Phy. 38 No. 4 (1967) 1678.
P ed erso n  O. B. and W inter A. T., A cta Met. 30 (1982) 711.
P e r r o t t  C. M., Wear 45 (1977) 293.
P r a t t  J ., A cta Met. 15 (1967) 319.
R asm ussen K. V. and P ed e rso n  O. B., A cta Met. 28 (1980) 1467.
S e itz  F., A cta Met. 6  (1958) 723.
S h ira i M. and W eertmann J . R., S c r ip ta  Met. 17 (1983) 1253.
Sm akula A. and K lein M. W., Phy. Rev. 84 (1951) 1043.
V aughan W. H. and D avisson  J . W., A cta Met. 6 (1958) 554.
Wilhem, Mat. Sci. Eng. 48 (1981) 91.
W inter A. T., P h il Mag. 28 (1973) 57.
W inter A. T., Phil. Mag. 30 (1974) 719.
W inter A.T., P ederson  O. B. and  R asm ussen K. V., A cta Met. 29 (1981) 
735.
W hite J . D. M., Ph. D. T h esis  (1984) U n iversity  of S urrey , G u ild fo rd  
England.
Woods P. J ., Phil. Mag. 28 (1973) 155.
Yan B. D., F a rr in g to n  G. C. and  L aird  C., Met. T rans. 16A (1985) 
1151.
UHWER81TV OF SURREY LIBRARY
